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ABSTRACT

This thesis describes the synthesis and characterization of optically act
m o n o m e r s and their subsequent polymerization to optically active
polymers (polyelectrolytes) and in one case a chiral hydrogel.
The novel chiral monomers (IS, 2R, 4S)- and (IS, 2S, 4S)-a-[2-amino7,7-dimethylbicyclo[2,2,l]-l-heptyl] methylsulfonic acid 4a and 4b were
synthesised as two diastereomers (Chapter 2) via the reductive amination
of (75)-(+)-10-camphorsulfonic acid ( H C S A ) . Reaction of these
diastereomers with acroyl chloride yielded the corresponding optically
active acrylamide monomers, 5a and 5b. These novel m o n o m e r s
incorporate a chiral auxiliary that also has an ionisable sulfonic acid
group. Ultimately, the acrylamides were converted to novel,
polyacrylamides la and lb, via free radical polymerization. These
polyacrylamides possessed the useful features of both optical activity and
polyelectrolyte behaviour. Hydrolysis of the polymer lb to give
polyacrylic acid confirmed (via iH N M R spectroscopy) that the polymer
was ca. 7 2 % isotactic.The m o n o m e r 4a was also used to form crosslinked or interpenetrated networks that have chiral hydrogel properties
and exceptional water intake (EWC=99.96%) properties.
The electrochemical syntheses of new polyaniline and polypyrrole salts
were subsequently carried out in which the above mentioned monomers
and polyelectrolyte were incorporated as a counterion (Chapter 2).
Polypyrrole salts were successfully grown by both potentiostatic and
galvanostatic methods and characterised by cyclic voltammetry. However,
attempts to synthesise polyaniline salts incorporating the above monomers
or polyelectrolyte were unsuccessful. This was probably due to the
unsuitable p H conditions, since in order to grow polyaniline salts
electrochemically, the p H of the reaction solution should normally be in
the range 0-2.

Chemical doping of neutral emeraldine base (EB) with the novel
monomers and polymers to generate chiral polyaniline salts was also
examined (Chapter 3). A green film of optically active polyaniline salt
was obtained by doping with the chiral acrylamide m o n o m e r 5b, as
confirmed by uv-visible and C D spectroscopy. It was proposed that the
polyaniline chain in this chiral polymer adopts a helical conformation
maintained in one hand via H-bonding to the acrylamide (CO) group and
ionic bonding to the S O 3 " group. In contrast, the monomer 4b did not
dope E B , presumably because of the presence of a zwitterion structure for
4b, therefore restricting salt formation. Salt formation also did not occur
upon the addition of polymer lb to E B .
A detailed study was also carried out of the influence of various
conditions on the chiroptical properties and conformations of the
polyaniline salt generated by doping E B with (+)-HCSA under a variety
of conditions (Chapter 3). The optical activity and conformational changes
after doping were monitored in various solvents such as CHCI3, D M F ,
N M P , D M S O and T H F by uv-visible and C D spectroscopy. Other
conditions examined included the presence or absence of an inert argon
atmosphere, the m o d e of mixing of E B and dopant (+)-HCSA, the
concentration of E B (+)-HCSA, and the molecular weight of the E B . In
each case, samples were examined over an extended period of time. C D
and uv-visible spectra indicated that the PAn. (+)-HCSA salts generated in
C H C I 3 and N M P solvents in air had different initial conformations for
their polyaniline chains, believed to be "compact coil", and "expanded
coil" respectively. Interestingly, the C D spectrum observed in C H C I 3
changed over 48 hr to that observed in N M P , indicating a change in
polymer conformation. In contrast, analogous doping reactions in the
presence of argon gave circular dichroism bands (at ca. 340, 405, and 460
n m ) that were insensitive to the nature of the solvent. It is also significant
that no optical activity was observed when small oligomers of E B
(tetramer and sixteen-omer) were doped with (+)-HCSA in C H C I 3

solvent, indicating the importance of the molecular weight of the E B
substrate.
Spin-cast films of E B doped with (+)-HCSA in m-cresol, C H C I 3 and
1,1,1,3,3,3-hexafluoropropanol solvents were also studied by C D and uvvisible spectroscopy (Chapter 3). The C D spectrum of a spin-coated film
of P A n . (+)-HCSA cast from C H C I 3 onto quartz showed a localised
polaron band at 767 nm. In contrast, a film of PAn. (+)-HCSA cast onto
glass or quartz from m-cresol solvent showed that the localized polaron
band had almost disappeared and was replaced by a free carrier tail in the
near-infrared region. This suggests a change in conformation for the
polymer chain from a "tight coil" to an "extended coil" on changing
solvent from C H C I 3 to m - cresol. Similar behaviour was found for a
P A n . (+)-HCSA film spun cast from 1,1,1,3,3,3-hexaflouropropanol,
suggesting a similar change in conformation for the polyaniline backbone.
A n alternative approach to chiral polyelectrolytes was explored in
Chapter 4, namely the synthesis of vinyl monomers containing a 2phenyl- or 2-te7t-butyloxazolidin-5-one unit and their polymerization to
the related polyvinyl species. Although polymerization was readily
achieved via radical reaction ( A I B N ) in a quantitative yield,
characterization was limited to solid state 1 3 C N M R and ir and uv-visible
spectra, due to the insolubility of the polymers in a wide range of
solvents. This insolubility also rendered the polymers inert to hydrolysis,
even under severe conditions. Finally the synthesis and characterization of
a related vinyl m o n o m e r in which the vinyl unit bears a thiophene
substituent was also achieved.
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CHAPTER 1. INTRODUCTION
1.1. CHIRALITY
Chirality is a fundamental symmetry property of three dimensional
objects, including chemical compounds. A n object is said to be chiral if it
cannot be superimposed upon its mirror image. In a chemical context,
m a n y compounds m a y be obtained in two different forms in which the
molecular structures are constitutionally identical, but differ in the three
dimensional arrangement of atoms such that they are related as nonsuperimposable mirror images. In such cases, the two forms are called
enantiomers and are said to be enantiomeric with each other. For
example, the amino acid alanine can be obtained in two enantiomeric
forms.

CH3 |

CH

3

H2N /°^ C°2H i H°2C ^ \ NH2
'H

i

H

(-)-alanine (+)-alanine
Enantiomers have identical chemical and physical properties in the
absence of an external chiral influence. Thus, they have the same melting
point, solubility, chromatographic retention time and IR and N M R
spectra. However, a racemic (50:50) mixture of the enantiomers will
often have different physical properties, such as melting point and
solubility. Chemical-based properties, such as chromatographic and
spectroscopic behaviour will remain unchanged. This has an important
consequence if w e want to determine the proportion of the two
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enantiomers in a mixture, since the normal chromatographic and
spectroscopic methods of analysis must be modified to introduce an
external chiral influence. Only then will the enantiomers behave
differently from each other and analysis be possible.
One physical property in which enantiomers behave differently is the
direction in which they rotate the plane of plane-polarized light. This
phenomenon of optical activity provides the basis for the nomenclature of
enantiomers. In the above example, the enantiomer of the amino acid
alanine that rotates the plane of plane-polarized light in a clockwise
direction has a positive specific rotation

([CC]D

of +14.6° (c = 1.5 M HCl))

and is denoted (+)-alanine. The other enantiomer has an equal and
opposite rotation under the same conditions ([a]rj) = -14.6°) and is denoted
(-)-alanine.
In the middle of the 19th century, Louis Pasteur found [1] that a racemic
mixture of the (+)- and (-)-enantiomers of a m m o n i u m tartrate formed
two types of crystals, that were non-superimposable mirror images of
each other. H e subsequently observed that when plane-polarized light was
passed through an aqueous solution of one type of crystal, the plane of
polarization of the transmitted light was rotated clockwise. This form was
labelled (+)- tartaric acid. In contrast, the other form, namely (-)- tartaric
acid, rotated the plane of polarized light anticlockwise. H e inferred that
optically inactive racemic tartaric acid was composed of equal amounts of
the (+)- and (-)- forms.
Pasteur concluded on the basis of this discovery and other observations
that the chemistry of life has a preferred handedness.
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1.1.1.

Biological Significance of Chirality

The world around us is chiral and most of the important building blocks
that m a k e up the biological macromolecules of living systems exist in only
one enantiomeric form. Consequently, when a biologically active chiral
compound, such as a drug, interacts with its receptor site that is chiral, it
should c o m e as no surprise that the two enantiomers of the drug interact
differently and m a y lead to different biological effects.
A good example is the drug thalidomide (1) for which both enantiomers
have the desired sedative effect, but the (-)-enantiomer as shown below
also causes foetal deformities. Unfortunately, the drug was used clinically
as a racemic mixture of the two enantiomers, leading to serious birth
defects. Recent research suggests that even if the pure (+)-enantiomer had
been used, problems would have arisen since the two enantiomer m a y
interconvert under physiological conditions [2].

(1) Thalidomide, (-)-enantiomer

D O P A (2)
Another interesting situation occurs in the case of the drug DOPA(2)
used in the treatment of Parkinson's disease. The active drug is the chiral

4

compound dopamine formed from (2) by decarboxylation, but cannot
cross the 'blood-brain barrier' to reach the required site of action. The
'prodrug' (2) can and is then decarboxylated by the enzyme dopamine
decarboxylase. The enzyme, however, is specific and only decarboxylates
the (-)-enantiomer of (2). It is therefore essential to administer D O P A as
the pure (-)-enantiomer, otherwise there would be a dangerous build up
of (+)-(2) in the body, which cannot be metabolised by the enzymes
present.
For many chiral compounds the two enantiomers have quite distinct
biological activities. For example, (-)-propranolol (3) was introduced in
the 1960's as a p- blocker for the treatment of heart disease, but the (+)enantiomer (4) acts as a contraceptive. Enantiomeric purity is obviously
therefore essential for its clinical use.

(3)

(4)

The alkaloid, (-)-levorphenol (5) is a powerful narcotic analgesic with
an activity 5-6 times stronger than morphine. Its enantiomer, (+)dextrorphan (6) is totally devoid of this activity, but is active as a cough
suppressant and is marketed for this purpose as its methyl ester
(dextromethorphan).
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(5)
1.1.2.

(6)

Diastereomers

There are only two possible stereoisomers of a chiral compound
containing one stereogenic centre: the (+)- and (-)-enantiomers. If there
are n stereogenic centres, there can be 2 n stereoisomers. In comparing
any two of these stereoisomers, two possibilities arise: either they are
mirror images of each other (in which case they are enantiomers), or they
are not (in which case they are called diastereomers). A n example is the
amino acid aspartame (7-10), for which there are four possible
stereoisomers. In compounds (5) and (6) there are also more than one
stereogenic centre, giving rise to several stereoisomers. This is one of the
reasons w h y asymmetric synthesis is needed to obtain a desired single
pure enantiomer. While a conventional synthesis, followed by separation
of the two enantiomers (for example by resolution), is feasible when there
is only one stereogenic centre, in chiral compounds with several
stereogenic centres the desired product, with correct stereochemistry in
each unit, can in general only be prepared using asymmetric and/or
diastereoselective synthesis. A n example of this requirement is in the
production of the artificial sweetener aspartame. Only the stereoisomer
(7) is sweet. The other three (8-10) are all slightly bitter and must be
avoided in the manufacturing process.
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HO2Q

H0 2 C
N

C02Me

/ C02Me

H2N

(8)

(7)

H0 2 Q

H0 2 C

\

H
N

C02Me

.C02Me

H2N

H2N

O

(9)

aspartame

\

Ph

(10)

Even w h e n the other stereoisomers are inert, it m a y still be desirable to
synthesise and use the active one in pure form. O n e reason for this is
economic; an expensive asymmetric method m a y be justified if it gives
exclusively the active stereoisomer. A second reason, which is becoming
more important, might be termed environmental. Although inactive
stereoisomers m a y appear to be inert in the short-term, unless they are
rapidly and safely biodegraded there is a risk of long-term side effects.
Thus, it is clearly undesirable for an active pharmaceutical product to be
administered along with several inactive isomers that have no beneficial
role and might be harmful. Similarly, if only the active isomer of a chiral
agrochemical such as an insecticide is used, the environmental impact is
minimised. A n example is the pyrethrin insecticide, deltamethrin (11),
for which there are eight possible stereoisomers, of which only one (11)
is active and photostable.
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Recent estimates [3] show that many of the most widely prescribed drugs
contain at least one chiral centre, but 75-90% of these are marketed as a
racemic mixture [4], with only the minority sold as a single enantiomer
(Table 1.1)
Table 1.1. Drugs on the market (Federal Drug Authority USA1990)

Type

%

Chiral

%

H o w sold

%

Natural and

28

Chiral

99

Single enantiomer

98

Racemate

2

Single enantiomer

12

Racemate

88

Semi-synthetic

Synthetic

72

Non-chiral

1

Chiral

60

Non-chiral

40

The 1994 worldwide market for enantiopure drugs was estimated at
around U S $ 45.2 billion [5]. There is an increasing demand for optically
pure compounds in drug design and development processes [6], with the
market for the enantiopure drugs projected to rise 9 % per year [5].
Recognition of the dangers (and economic waste) of employing both
enantiomers of chiral drugs has placed increased pressure on the
pharmaceutical industry to develop n e w effective methods for the
production of such chemicals in the one (desired) enantiomeric form only.
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In recent years two approaches have been examined to obtain such
enantiomerically pure drugs:
(a) separation [7-9] of two enantiomers from a racemic mixture,
(b) direct asymmetric synthesis [10-12] of only one enantiomer.
While enantiomers have identical chemical and physical properties and
equal and opposite optical rotations, compounds that are diastereomeric
can have quite different chemical and physical properties and optical
rotations. This feature provides the basis for the resolution of chiral
compounds. In this procedure, a racemic mixture is derivatised by
reaction with an enantiomerically pure compound which leads to a
mixture of two diastereomers. These can be separated by selective
crystallization or chromatography. While enantiomers normally bear the
same name and are differentiated by the prefixes (+)- and (-)-,
diastereomers m a y have different chemical names as in the case of
thereonine and allo-thereonine.
1.1.3. The Selective Synthesis of Diastereomers
The most common case in which an asymmetric reaction leads to a pair of
diastereomers is when one of the reactants is chiral. For example, in the
reduction of the carbonyl group in (12), the two possible products are the
diastereomeric (-)-thereonine and (+)-allo-thereonine.
Mev

/P

\(f
H

H
\ .OH
reduction

1 1 1 1 1 > i

NH2'

N

C02H

(12)

Me
\ /OH

H ^c/

Me^c/
H
NH2

C
C

°2H
Diastereomers

H
NH2

C
C0

2H
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1.2. TYPES O F CHIRALITY
1.2.1. Central chirality

Central chirality results when a tetrahedral atom is atta
different groups, such as in glyceraldehyde (13). Such a molecule is
chiral by virtue of the arrangement of atoms or groups about a
stereogenic centre, in this case a carbon atom.

OHC

CHO

H'" T^OH

"ii

HO I

H

HOH2C

CH2OH

(13) glyceraldehyde

1.2.2. Planar chirality
Planar chirality results from the disappearance of a plane of symmetry
through one or more modifications of a molecule. For example,
tricarbonyl (1,2-disubstituted arene) chromium complexes possess planar
chirality and can be resolved into their individual enantiomers. The planar
chirality is due to the arrangement of atoms or groups with respect to a
stereogenic plane, as illustrated for the two enantiomers in (14). This
class of chiral compounds is quite rare [13].
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(CO)3 Cr

Cr (CO)3

(14)
1.2.3.

Axial chirality

Axial chirality results from a chiral distribution of substituents around an
axis, e.g. the restricted rotation about the C = C = C bonds in an allene,
abC=C=Cba, or restricted rotation about single bonds caused by bulky
substituents X and Y on biphenyl derivatives. A n axially chiral molecule
is chiral by virtue of the arrangement of atoms or groups about a
stereogenic axis. A n example is the biaryl (15). This class of compounds
occurs quite commonly in nature [14].
.Y X

,>> a

C=C

c'

allene

X

Y
axis

(15)
1.2.4.

Helical chirality

"Helicity (screw sense) is a geometric structural property by which th
arrangement of atoms in molecules can be described as a combined
rotation and translation process" [15]. Centro-chiral, planar chiral and
axial chiral molecules can be also considered as helical (helicity around a
point, a plane or axis). Cahn et al. [16] described and defined the helix as
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follows: " A helix is characterised by a helical sense, a helical axis and a
pitch (ratio of axially linear to angular properties). A model helix is
defined by its screw sense and its pitch. If the radius is constant, it is a
cylindrical helix; if it changes constantly, a conical helix exists. A
palindrome helix is characterized b y constant pitch". In general, a helix
with a right handed screw sense is symbolised by P (plus) and a left
handed helix by M (minus). Examples include proteins and D N A .

Cylindrical helix

1.3 OPTICAL ACTIVITY M E A S U R E M E N T
1.3.1. Rotation

The optical activity of a specific medium is attributed to the fact that it
different indices of refraction for left and right hand circularly polarized
light. This means that the speed of left circularly polarized light through
the m e d i u m is different from the speed of right circularly polarized light
[17,18]. This difference in refractive indices is expressed by Fresnel's
equation (1.1),

where a is the rotation of the plane of polarization in radians per unit
length, A is the wavelength of the incident light, and T\L and T]R are the
indices of refraction for both components of the polarized light.
3 0009 03164153 8

12

1.3.2.

Specific Rotation

In polarimetry, the specific rotation, [a]o, of a substance is defined by
equation (1.2),
r

i

[a]n=
D

a

—
l.c

(1.2)

where a is the measured rotation of the plane of polarization at 589 n m
(sodium D line) expressed in degrees; 1 is the length of the cell expressed
in decimetres, and c is the concentration of the substance expressed in
gram per 100 millilitres of solution.
1.3.3. Optical Rotatory Dispersion (ORD)
The variation of the optical rotation of a substance with wavelength gives
an optical rotatory dispersion curve. Cotton, at the end of the last century,
observed [18] that optically active compounds show an abnormal
behaviour of their rotatory power in the region where an absorption band
appears. This behaviour, referred to as the Cotton Effect, involves the
rotation changing sign at the wavelength of an absorption maximum.
1.3.4. Circular Dichroism (CD)
The most sensitive and powerful method for the measurement of the
chiroptical properties of chiral molecules is circular dichroism (CD). This
is defined as the difference (Ae) in the molar extinction coefficients for
left and right hand circularly polarized light passing through a sample of
the compound [19,20] ( equation 1.3).

A£ = £L~£R

(L3)
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circularly polarized light, as viewed with the light travelling toward the
observer's eye. Schematic side views of (e) linearly polarized, (f) left
circularly polarized and (g) right circularly polarized light propagated in
the x direction are also shown. Left circularly polarized light (c) travels
along a left-handed helix (f), while right circularly polarized light (d)
travels along a right handed helix (g).
(a)

X-1 1 -3^

CO

(0

w

(d)

ol

Figure 1.1. Different forms of light (manipulated from ref. 21 a).
In commercially available "dichrographs", the difference in absorption
( 8 L > £ R ) for the two opposite handed helical rays is recorded. The C D
spectrum exhibits a band in the region of an electronic transition for the
absorption of left (L) and right (R) circularly polarized light by the chiral
compound. If left circularly polarized light is absorbed to a greater extent
than right circularly polarized light (£L > E R ) , the difference curve A e vs
X is positive ( A e > 0), and is called a positive circular dichroism ( C D )
Cotton Effect. W h e n right circularly polarized light is absorbed to a
greater extent than left circularly polarized light (£R > £jj, a plot of A e vs
X gives a negative C D curve (Ae < 0), called a negative Cotton Effect. In
general, w h e n A e > 0 or A e < 0, the c o m p o u n d exhibits circular
dichroism, and a plot of Ae vs X constitutes its C D spectrum.
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general, w h e n Ae > 0 or Ae < 0, the compound exhibits circular
dichroism, and a plot of Ae vs X constitutes its C D spectrum.
For a quantitative calculation of circular dichroism, the Beer-Lambert
law A = log (I0/I) = eel is used, in which A is absorption, I 0 is the
intensity of light entering the cell, and I the intensity leaving. In an
optically active medium two absorptions can be recorded, one for rightand one for left-polarized light, i.e. A R = log (I0 / IR) and A L = log (I0 /
I L ). The intensities I 0 R and I o L on entrance clearly are equal and any
dichrograph sees changes in the light absorbed by the medium while
oscillating between left andrightcircular polarization.
A A = A L - A R = log (I0/ I L ) - log (I0 / I R ) = log (IL / I R )

(1.4)

AA = CLCI - CRCI = Ae cl (1-5)

Ae = A A / cl = log (IL / I R ) cl

(1.6)

A s seen from equation (1.6), I 0 does not appear in the final equation, so
there is no need for a reference beam. Therefore, C D instruments are of
the single beam type.
The general arrangement of a C D spectrophotometer is shown in Fig. 1.2
below. The light source must be more intense than the usual tungsten or
deuterium lamps because of the loss of radiant power on polarization and
the need to make the signal -to- noise ratio as large as possible. A 500 W
X e lamp is usually used as the source, which must be water cooled. The
instrument compartment must also be purged with nitrogen gas to remove
ozone produced, which is detrimental to the optics. The monochromator
is actually a double monochromator in order to keep stray light to an
absolute minimum. The detector is a regular photomultiplier tube.
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Figure 1.2. Conventional CD spectrophotometer : S, light source; UL,
Unpolarized light; M, Monochromator;
light; PC, Pockets cell; LCP

P, Polarizer; PL, Polarized

and RCP,

Left and Right circularly

polarized light beams, respectively; SC, Sample

cell; CR,

Chart

recorder (manipulated from ref. 19 a).

1.4 CHIRAL POLYMERS.
Historically, interest in chiral synthetic polymers has targeted on natural
polymers, modelling and interpreting the conformational properties of
polymers in solution and investigating the mechanisms of polymerization.
Chiral polymers have been used in chromatography, as polymeric
reagents and catalysts. Recently, it was proposed that chirality could be
utilized as a means of influencing the two- or three-dimensional order of
macromolecules [21] and attention has been directed towards the use of
chiral polymers for piezoelectric, ferroelectric and non-linear optical
applications [22].
"Almost all the naturally" occurring polymers are chiral, as nature takes
advantage of the presence of chiral monomers such as amino acids and
sugars to construct proteins, nucleic acids and polysaccharides. In
synthetic polymers, the polymerization of chiral monomers has also been
successful, but suffers from the limited number and high expense of
available enantiomerically pure monomers. In synthetic polymer
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available enantiomerically pure monomers. In synthetic polymer
chemistry, one of the most challenging tasks is to develop functional
polymeric systems that will be as effective as those in living systems.
The synthesis and structures of stereoregular polymers have been
extensively studied since the discovery of the Ziegler-Natta catalysts
[23,24] for alkene polymerization. The study of the relationship between
polymer chain configuration and optical activity has been discussed
extensively [24,25,26]. Most stereoregular polymers have shown a helical
conformation in the solid state. Polymers which maintain a helical
conformation in solution are rare, but they have great attraction because
they can exhibit optical activity due only to their main chain
conformation. They can be used as building blocks for the construction of
novel chiral supramolecular architectures. S o m e interesting and important
synthetic helical polymers to date include polyisocyanides (16),
polychlorals (17) and poly(triphenylmethylmethacrylate)s (18) [27].
These chiral polymers have been studied in detail and have been utilized
for the separation of enantiomers by chromatography [28].

CH3
- CH

N*
<

n

>

R

0

C
n

CH 2 ^n
O

CC13
O

(16)

(17)
Ph

Ph
Ph
(18)
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1.4.1.

Stereoisomerism

of the Polymer

Chain

The discovery of the polymerization processes and the foundation of
macromolecular stereochemistry represent a major developments in
chemistry in the second half of this century. The study of macromolecular
compounds has introduced a new dimension in organic stereochemistry.
A m o n g the points that distinguish macromolecules from low molecular
weight

compounds are the non-homogenicity of their molecular

dimension and structure. If two compounds of low molecular weight have
different numbers of atoms or a different connectivity, they inevitably
constitute two different chemical entities. In contrast, for a polymer
sample it is c o m m o n to find molecules of varying sizes (some up to 10-20
times larger than others) or molecules equal in molecular weight but
differing in detailed structure. This does not necessarily mean that they
should be considered as different compounds. With the exception of some
compounds of biological origin, macromolecular compounds should be
considered as mixtures of very similar but not identical molecules.
Because of the impossibility of separating macromolecules differing only
in minor details, synthetic macromolecules contain more or less wide
molecular weight distributions, different types of terminal groups and a
different number and distribution of structural defects. O n e of the
c o m m o n defects is the presence of short or long branching or inverted
monomer units. Thus, in a vinyl polymer formed by (-CH 2 -CHR-) units,
there m a y be formed, besides the normal head-to-head (-CH 2 -CHR-CH 2 C H R - ) structures a number of head-to-head ( C H 2 - C H R - C H R ^ C H 2 - ) and
tail-to-tail ( C H R - C H 2 - C H 2 - C H R - ) sequences. Other kinds of defect m a y
be present when a single monomer is able to give rise to two different
m o n o m e r units. For example, butadiene polymers m a y contain 1,2 [( C H 2 - C H ( C H = C H 2 ) - or 1,4 (-CH 2 -CH=CH-CH 2 -) monomer units.
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1.4.2.

Types of Polymers

The most simple head-to-tail stereoregular vinyl polymers were called
isotactic [29,30] and syndiotactic [31] by Natta. The first compounds to be
recognised as such were polypropylene and 1,2-polybutadiene,
respectively. Ideal isotactic vinyl polymers such as (19,20) have all the
substituents on the same side of the chain, while in syndiotactic polymers
(21,22) the substituents regularly alternate between the two sides of the
chain.
R H

R H

R. H

R H

R

(20)

(19)
R H

HR

HXH

RHH_R

H H H H H

R

R

R

R

H

(21)

(22)

In the polymers (19) and (20), successive monomer units can be superimposed by simple translation [32-34]. In a syndiotactic structure, this
superimposition is not possible for two successive groups.

Carrdini [35] defined the chain bonds adjacent to the tertiary carb
as + or - according to the clockwise or counterclockwise sequence of the
two substituents in the Cahn-Ingold-Prelog sense, as shown in (23 and
24) as one proceeds along the chain.
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RrHH

X

H IT\R

X

(23) (24)
Flory [36] used a different convention, namely the letters d and /
corresponding to - and +, respectively. The term "atactic" was introduced
in 1956 to indicate a polymer with no steric regularity [37], unlike
isotactic and syndiotactic polymers.
1.4.3. Other Stereoregular Polymers
Polymers with a double isotactic structure were first obtained from cis
and ?ra«s-l,2-disubstituted ethylenes, C H A = C H B . These can give rise to
three simple stereoregular polymers, two diisotactic and

one

disyndiotactic [333,38], as shown in structures (25-30). The arrangement
of two adjacent non-equivalent substituents A and B m a y be defined as
erythro and threo according to the conventional definition [39]. It should
be observed that for each of the two diisotactic polymers, the zigzag and
Fisher projections do not coincide. For example, in the zigzag
representation (25) of an erythro-diisotactic polymer, all the substituents
A are on one side of the chain and all substituents B

on the other. In

contrast, in the Fisher projection (26) representing the same chain,
substituents A and B are all on the same side. For threo-diisotactic
polymers (27 or 28), the opposite situation occurs.

A B A B A B A B

(25)

(26)

B

B

B

B

(28)
A

A

B

A

B

B

A

B

(30)
Cyclic olefin monomers such as indene and benzofuran can give rise to
two diisotactic polymers [38,40]. The butadiene gives rise to four
different types of stereoregular polymers, two with 1,2-linkage and two
with 1,4. If the m o n o m e r units all have the same cis or trans
configuration, the polymers are cis -and trans - tactic (31 and 32). The
same type of stereoisomerism was observed a long time ago in the
polyisoprenes of vegetable origin. Natural rubber is in fact, a cis -tactic
1,4- polyisoprene (or simply a cis -1,4-polyisoprene), whereas balata and
gutta-percha are trans -tactic 1,4-polyisoprene [41-43].
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•

^

^

(31)

(32)
1.5. ASYMMETRIC SYNTHESIS POLYMERIZATION
1.5.1. Vinyl Monomers
Vinyl polymers having syndiotactic or isotactic features cannot be chiral,
because they have a mirror plane. Therefore, they are not optically active,
except for that arising from asymmetric centres near the chain ends.
Examples include polymers of styrene [44,45], propylene [46],
acrylonitrile [47] and methacrylate [47,48]. Optically active vinyl
polymers that possess main chain configuration chirality of higher order
tacticities are realized. Optically active homo- and co-polymers of styrene
derivatives with optically active, removable template groups have been
prepared by Wulff and co-workers [22,49,50]. It is difficult to construct
chiral stereosequences of vinyl polymers by using conventional catalysts
or initiators; however, these sequences can be obtained by using the chiral
template method.
1.5.2.

Dienes M o n o m e r s

The first asymmetric polymerization of conjugated 1,3-diene monomers
was reported by Natta, Farina and co-workers [51-53]. A n example of the
asymmetric polymerization of allene [54] is (R)-2,3-pentadiene (33),
which polymerizes in the presence of a 7t-(allyl) nickel complex, to give
four differently arranged polymers (34). Only one of these is chiral.
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(33)
1.5.3.

(34)

Cyclic Alkene M o n o m e r s

Natta, Farina and co-workers reported [54,55-57] the first asymmetric
homopolymerization of a cyclic olefin from benzofuran (35). The
catalytic system used was AlEtCl 2 or AICI3 in the presence of optically
active co-catalysts such as (3-phenylalanine and 10- camphorsulfonic acid.
The resulting polymer possessed the chiral erythro- or threo-diisotactic
structures (36 or 37).

(35)

(36)

(37)

Polymerization of N-phenylmaleimide (38), a monomer with a C 2 axis
of symmetry, also gave an optically active homopolymer [58,59]. Whereas
in the polymer from monomer (35) (which does not possess C 2
symmetry) the asymmetric centre in the chain are from chiral centres, the
polymer from monomer (38) can be optically active only if the main
chain has in excess one of two enantiomeric trans structures (39 and 40).
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'l _

>oc
(38)

(39)

(40)

Cyclic olefins and other monomers having optically active side groups,
[60-62] can also give chiral co-polymers by asymmetric polymerization.
Other methods also include the co-polymer of maleic anhydride and
(S)-(-)-(3-methyl (benzyl methacrylate) (41). This is thefirstexample of
an optically active polymer having a C-C backbone with chiral induction
into the main chain [60].
CH 3
CH2=
O

o

/i
(41)
It is also possible to get optically active polymers by ring-opening
polymerization, such as the polymerization of the cyclic m o n o m e r (42)
in the presence of optically active initiators.
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*\j<l

or

X - O, S

chiral configuration

(42)
1.5.4. Cyclopolymerization
The asymmetric cyclopolymerization of 1,5-pentadiene with an optically
active metallocene catalyst has also been reported by Coats and Waymouth
[63] (eqn. 1.8).

V

V\/^
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1.6. ENANTIOSELECTIVE POLYMERIZATION.

In this process a single enantiomer of a racemic chiral monomer is
preferentially polymerized to give an optically active polymer.
Furthermore, kinetic optical resolution of the racemic monomer is
attained.
The first enantioselective polymerization was reported for propylene
oxide by Inoue and co-workers [64]. Various examples were subsequently
reported for other monomers such as oc-olefins, propylenesulfide lactones,
methacrylates, and a-amino acid-N-carboxy anhydrides. Although
stereoselective polymerization is referred to as enantioselective
polymerization, these polymers are not optically active; because in
stereoselective polymerization a racemic chiral monomer is polymerized
to give a mixture of a polymer preferentially consisting of monomers
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from one enantiomer and a polymer consisting of monomers of the
opposite enantiomer [65,66]. In this regard, a-olefins have been
extensively studied by Pino and co-workers [26]. The polymerization of
racemic 3-methyl-l-pentene, 4-methyl-l-hexene and 3,7-dimethyl-loctene with isotactic specific Ziegler-Natta catalysts were stereoselective,
and a mixture of polymers consisting of preferentially (R)-enantiomers or
(S)-enantiomers

was

formed

[67-69]. A

TiCL]. / Z n [(S)-2-

C H 2 C H ( C H 3 ) C 2 H 5 ] 2 catalyst also gave enantioselective polymerization,
although the enantiomeric purity of the product was

rather low. A

MgCl2-supported catalyst modified with optically active Lewis bases [70]
also resulted in enantioselective polymerization of racemic a-olefin with
optically active monomers [71,72].
Enantioselective polymerization of vinyl ethers is also known. For
example, the enantioselective polymerization of racemic methyl
methacrylate ( M B M A ) has been realized with Grignard reagent, (-)sparteine initiator systems [73-75]. This Grignard reagent initiator is also
effective with several substituted methacrylates [76-78]. Recently, Inoue
and co-workers achieved the enantioselective polymerization of M B M A
using optically active aluminium compounds as catalyst and an aluminium
porphyrin complex as an initiator [79].
Inoue and co-worker also reported the polymerization of racemic
propylene oxide (43a) with ZnEt2/(+)-borneol or ZnEt2/(-)-menthol
initiator systems to give

optically active polymers. Various other

examples of enantiomer selective polymerization [80-84] and copolymerization [85] of this m o n o m e r have been reported. Propylene
sulfide (43b) [86-89] and lactones (44) [89-93] can also be polymerized
enantioselectively with optically active initiators [86-89].
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If 1

*2

X

o

f
-o

a: X = O

/
R

b: X= S

(43)

3

(44)

a: R! =-H; R2= -H; R 3 = -CH3. b: Ri =-CH3; R2=-CH3H7-n; R3=-H. c: Ri =-CH3;
R2=-C2H5; R3=-H.

Polymerization of oc-amino acid-N-carboxyanhydrides (NCA) such as
(45) is important for synthesising model compounds of proteins, and
enantioselective polymerization of N C A has been widely investigated [9499].
,0
HN-"\
O
R

o
(45)

1.7. HELICAL-SENSE SELECTIVE POLYMERIZATION
Helical-sense-selective polymerization can produce optically active
polymers whose chirality is based on a helical conformation with an
excess of a single-screw sense. Because right- and left-handed helices are
mirror images (atropisomers), if one of the two helices is preferentially
synthesized, the polymer will be optically active.
Although m a n y stereoregular polymers have a helical conformation in
solution, except for some polymers having an optically active side group,
they usually exist as racemic mixtures of enantiomers because of the rapid
dynamics of the polymer chain in solution. However, it is possible to
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obtain optically active polymers whose chirality is based on the helical
structure of a single-screw sense by helix-sense-selective polymerization
w h e n either the rigidity of the polymer backbone or steric repulsion by
the side groups prevents interconversion of the two helical conformations.
1.7.1. Methacrylates
Asymmetric anionic polymerization of several bulky methacrylate
m o n o m e r s has resulted in highly isotactic, optically active polymers in
which the chirality arises solely from the helical conformation of the
polymer backbone. The first example was the anionic polymerization of
triphenylmethylmethacrylate (Tr M A , 46) with optically active initiators
at low temperature, to give a highly isotactic, optically active polymer
[100-108]. The one handed helicity of these polymers is maintained by
steric repulsion caused by the bulky esters groups. However, some of
these polymers undergo stereomutation in solution.

(46)

TrMA
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1.7.2.

Acrylamides

Anionic polymerization of N,N-disubstituted acrylamides gives highly
crystalline polymers [109], in contrast to the poor polymerization of N,Ndisubstituted methacrylamides. The bulky substituents of acrylamide such
as (47 and 48) cause polymerization with optically active anionic
initiators to give optically active polymers [110].

CH 2

CH

(47)

1.7.3.

C H 2 = CH
\

(48)

Isocyanides

The first catalytic system for the helical-sense selective polymerization of
isocyanides was realized by Millich [111]. Later, a wide variety of
aliphatic and aromatic isocyanides with different sustituents were
polymerized using nickel(II) salt catalysts [112,113]. The isocyanides (nRN = C ) polymerize to give poly(iminomethylenes) ( R - N = C < ) n with a rigid
4/1 helical structure of the type (49), exhibiting
around the single C - C bond.

restricted rotation

N

R

R
N:

c
R
R

N

(49)
1.7.4.

Isocyanates

The anionic polymerization of n-alkyl isocyanates to give high molecular
weight polymers of the type (50) was first reported by Shashoua and coworkers [114]. Later G o o d m a n and co-workers [115] reported the first
optically active polymers of this type, via a similar procedure to Shashoua
et al. They have also reported that optically active polymers can be
obtained by anionic polymerization of isocyanates with optically active
side groups [116].

O
-f-N C

m

R
(50)

Recently, it was reported [117] that the anionic polymerization of achir
isocyanates with optically active lithium alkoxides and lithium amides also
afforded optically active homo-polymers.
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1.7.5.

Chloral

Poly(trichloroacetaldehyde) (17), an isotactic polymer, was obtained
Vogl and co-workers via the anionic polymerization of chloral
( C C I 3 C H O ) [118,119]. This polymer, like the polyisocyanides (49)
above, has a 4 /l helical conformation in the solid state [120,121].
Polymerization with optically active lithium alkoxides such as (51-52)
afforded a polymer showing large optical activity as a film [122-127].
Polymerization with the salts of optically active carboxylic acids [125127] and other alkoxides [125-127] also gave optically active polymers.
OLi
^

^ — — COOCH3

r»T ;

H
(51) * (52)
1.7.6.

Other

Monomers

The synthesis of optically active polypropylene and polybutene employing
an optically active metallocene catalyst (53) was reported by Kaminsky
and co-workers [128,129]. The optical activity was observed only in
suspension, being lost when the polymer was dissolved or heated. The
optical activity of this polymer was again considered to arise from the
formation of a preferred hand of a helical conformation.
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(53)

1.8. POLYELECTROLYTES
A polyelectrolyte is a polymer system consisting of a "macroion", i.e. a
macromolecule carrying covalently bonded anionic or cationic groups,
together with low molecular weight "counterions" attached for
electroneutrality. Examples include the anionic polyelectrolyte, N a polystyrene

sulfonate (54), and the cationic polyelectrolyte,

poly(diallyldimethylammonium chloride) (poly D A D M A C ) (55).

CH2-CH--r

S03" Na+

-t- CH2- HC
CH- CH 2 - ^
H2C^+^CH2
/ \ Cl"
H3C
CH3

(54) (55)
Both of the polyelectrolytes (54 and 55) dissociate into macroion and
counterions in aqueous solution within the p H range 0 to 14. Polymers
like poly (acrylic acid) (56) or poly (ethylene imine) (57) are usually
classified as polyelectrolytes, although they form a polyion counterion
system only in a limited p H range. These polyelectrolytes remain as an

undissociated polyacid in the acid range or as an undissociated polybase in
the alkaline range, as shown in scheme 1.1. This behaviour is typical of
w e a k polyelectrolytes and is quite analogous to weak low molecular
weight electrolytes. In contrast, the polymer cellulose can be dissociated
partially into cellulosate anions and counter cations at extremely alkaline
conditions (pH > 14). Consequently, cellulose cannot be considered as a
polyelectrolyte, as in the conventional p H range of dilute aqueous systems
its O H groups are not ionized.

-eCH 2 -CH^In

«* ^

COOH

-^CH2-CH—fI n

+ H+

COO"

(56)
-i- CH2- CH2 - NH ^n + H20 =5=^ ~t~ CH2- CH2- NHjin + OH

(57)
Scheme 1.1. Dissociation equilibria of weak polyelectrolytes
In principle, any macromolecule can be transformed into a polyelectrolyte
by covalently binding a reasonable number of ionic groups to the polymer
backbone. In the case of a crosslinked polymer, its swellability in aqueous
media is enhanced by transferring into a polyelectrolyte.
Today, a large number of polyelectrolyte classes are known. S o m e of the
c o m m o n classes are listed below:
(a) anionic and cationic polysaccharides and their derivatives.
(b) nucleic acids,
(c) gelatin,
(d) lignosulfonic acid,
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(e) polyacrylic and polymethacrylic acid and copolymers,
(f) maleic acid anhydride copolymers,
(g) polystyrene sulfonic acid,
(h) polyethylene imine,
(i) polyamines and polyamidamines,
(j) ionenes,
(k) poly(diallyldimethylamonium chloride),
(1) homo- and co-polymers of cationic acrylic acid esters.
The following ionic groups are commonly found in polyelectrolytes :
- C O O ", - C S S ", - O S O 3 ", - S O 3 ", - O P O 3 2", - N H 3 + , = N H 2 + ,
= NH+, -NR3+
Current commercial polyelectrolytes are commonly obtained by
polymerization, polycondensation and polyaddition processes. However,
numerous important polyelectrolytes also originate from nature, such as
gelatin, a widespread class of proteins or pectins belonging to the group
of anionic polysaccharides. S o m e important polyelectrolytes have also
resulted from the chemical modification of nonionic natural polymers
such as cellulose or starch.
The properties and behaviour of polyelectrolytes mainly depend on three
factors:
(i) the acidic or basic strength of the ionic site, (ii) the average distance
between adjacent anionic or cationic charges along the polymer chain
(especially in the dissolved state), and (iii) the location of the charge sites
within the molecular geometry of the macroion. Besides these three
parameters characterizing the macroion, the nature of the low molecular
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counterions also has a strong influence on the properties of the whole
system in solution, especially on solubility and structure.
The importance of polyelectrolytes as a product class and as a research
topic is manifested by the production of millions of tons annually and by
about 4500 publications cited in Chemical Abstracts over the last 10 years.
There are several reasons for this intense interest:
(i) the widespread applications of polyelectrolytes in m a n y areas of urban
life and industrial production;
(ii) the close affiliation of polyelectrolytes with the processes of living
material; and
(iii) the scientific challenge of polyelectrolyte research as a major
approach to supramolecular chemistry.
Commercially very important are copolymers of acrylamide and acrylate
because of their outstanding properties as flocculating agents.
Homopolymers of the sodium salts of 3-acrylamide-3-methylbutanoic acid
and, to a higher extent, their co-polymer with acrylamide are used as
processing acids, e.g. in enhanced oil recovery.
Strongly acidic polyelectrolytes can be obtained by radical polymerization
of unsaturated sulfonic acids [130]. These, and especially their alkali metal
salts, are easily homopolymerized and copolymerized by free-radical
initiation. S o m e of the resulting polymers are shown below (58-61). The
highly reactive 2-acrylamide-2-methylpropanesulfonate is m u c h more
stable and used in both homopolymerization and copolymerization by
solution and inverse emulsion techniques. Most important are copolymers
with acrylamide, since these are useful in m a n y applications such as
flocculation, secondary oil recovery and improving dry strength in paper.
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poly(vinylsulfonic acid)

polystyrenesulfonic acid.
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(60) Poly (2-methacryloyloxy
ethane sulfonic acid)

(61) Poly (2-acrylamideo-2-methylpropane sulfonic acid)

1.9. HYDROGELS
A hydrogel is a polymeric material which exhibits the ability to swell in
water and retain a significant fraction (e.g. > 2 0 % ) of water within its
structure, but which will not dissolve in water. Included in this definition
are all the natural (plant and animal) or synthetic gels.
Hydrogel materials resemble, in their physical properties, living tissue
more so than any other class of synthetic bio-material. In particular, their
relatively high water content and their soft, rubbery consistency give
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them a strong superficial resemblance to living soft tissue. Synthetic
hydrogel systems are currently being used and have further potential use
as bio-materials.
The well known classes of hydrogels are :
(a) poly(hydroxyalkylmethacrylates),
(b) poly (acrylamide), poly(methacrylamide) and derivatives,
(c) poly(N-vinyl-2-pyrrolidone),
(d) polyelectrolyte complexes,
(e) poly (vinyl alcohol),
(f) anionic and cationic hydrogels.
(a) Poly(2-hydroxy ethyl methacrylate) (P-HEMA) hydrogel was first
described and synthesised by Lim and Wichterle in the early 1960's [131].
Although this polymer was prepared by Dupont scientists in 1936 [132],
they did not polymerize the monomer in the presence of a crosslinker as
was done by Lim and Wichterle. To date, P - H E M A hydrogels have been
a m o n g the most widely studied and used of all the synthetic hydrogel
materials. Poly(hydroxypropyl methacrylate)(P-HPMA) hydrogel has also
been prepared [133]. Although the water content of these gels is fairly low
( ~ 2 5 % ) , they demonstrate excellent mechanical properties. Poly(glyceryl
methacrylate) ( P - G M A ) hydrogels exhibit a considerably higher
equilibrium water content than P - H E M A gel [134-137].
(b) Gels of poly(acrylamide) (PAAm) and of some N-substituted
derivatives of P A A m

can be readily prepared by the free radical

polymerization of an aqueous solution of acrylamide containing a small
fraction of cross-linking agent (often N,N-methylenebisacrylamide) [138].
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The gels formed are optically transparent and mechanically weak, and can
have extremely high water contents (> 9 5 % ) . The water content is
dependent upon the percent cross-linker in the system.
(c) Poly(N-vinyl-2-pyrrolidone) (P-NVP) is an unusual polymer in that,
in its uncross-linked form, it is extremely soluble in water and is also
soluble in m a n y other polar and non-polar solvents [139]. However, this
type of gel needs a high concentration of cross-linker in order to have
good mechanical properties.
(d) Polyelectrolyte complexes are polysalts formed by the combination of
a cationic polymer such as

poly(vinylbenzyltrimethyl-ammonium

chloride) and an anionic polymer such as sodium poly(styrenesulfonate).
The above complex was developed by the Amicon Corporation and is
known as "Ioplex" 1 0 % [140,141]. Due to poor mechanical strength, only
a limited number of polyelectrolyte complexes have been used as coatings
on fabrics and other supports.
(e) Polyvinyl alcohol) (PVA) is a water soluble polymer formed by the
hydrolysis of poly(vinylacetate). A cross-linked, highly porous sponge of
P V A can be formed by reacting formaldehyde with soluble P V A and
blowing air through the solution before the polymerization-crosslinking
process is completed. This material is commercially available under the
trade n a m e of Ivalon and had been extensively used in a number of
biomedicalfields[142].
(f) Anionic and cationic hydrogels are gels usually formed by
polymerizing small amounts of anionic or cationic monomers with neutral
hydrogel monomers. However, they can also be prepared by modifying
preformed hydrogels, e.g. by the partial hydrolysis of poly (hydroxy-
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alkylmethacrylate)s, or in the case of polyelectrolyte complexes, by
adding an excess of the polyanion or polycation component.
Hydrogels as a class of materials have shown great versatility and
excellent performance w h e n used in biomaterial applications.
Fundamental knowledge concerning h o w and w h y hydrogels "work" is
critical to the development of new biomaterial applications for these
useful polymers.
1.9.1. Optically active Three-Dimensional Polymer Networks
(Cross-linked Gels)
Optically active cross-linked polymer gels have been synthesised by a
polymerization technique using an optically active template. The
procedure includes polymerization of an achiral bifunctional monomer
(cross-linking reagent) with a co-monomer having a removable optically
active auxiliary group; or polymerization of a bifunctional monomer in
the presence of a non-polymerizable chiral additive, followed by removal
of the auxiliary group or the additive. The resulting polymer has a three
dimensional cross-linked structure with chiral cavities originating from
the auxiliary or the additives. The gel has chiral recognition ability,
showing specific affinity for the template molecule. In other words, the
gel has a memory of the molecular shape of the chiral template. This type
of gel wasfirstobtained by Dickey, although the template was not chiral
[143].
Wulff and co-workers first realized the synthesis of organic polymers
using a m o n o m e r having a chiral auxiliary [144,145]. They synthesised
various styrene derivatives having an optically active template moiety.
The chiral auxiliary moieties were based on sugars [146-148], an a amino acid [147] and other chiral compounds [145,149]. Mosback and co-
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workers chose N-protected amino acids as the chiral template and
synthesised gels from methacrylic acid or p-vinylbenzoic acid with cross
linking monomers [150-153]. After washing out the template molecule
with solvent, the gel showed chiral recognition ability for some amino
acid derivatives [151-153] and some (3-blocker drugs [154]. A chiral
polymer gel containing a Co(II) Schiff base complex has also been
reported, using m o n o m e r (62) in which an amino acid derivative
coordinates to the metal cation [155-158].

(62)

1.10. CONDUCTING POLYMERS
The novel concept of plastics made from organic polymers that can
conduct electricity and which then can be fabricated into films, electrical
wires and other shapes is fascinating. The discovery of conducting
polymers brought together scientists from different areas, such as
chemistry (organic, electrochemistry, physical, organometallic), physics,
electrical engineering and material science, to achieve a c o m m o n goal:

controlling the electrical, mechanical and physiochemical properties of
these materials.
The first electrochemical synthesis of conducting polymers and their
characterisation took place well over 130 years ago. In 1862, Latheby
[159] reported that the anodic oxidation of aniline in sulfuric acid solution
deposited a blue-black powder on a platinum electrode. This powder was
not soluble in water or other organic solvents.

However, the major breakthrough that initiated the intense recent interest
in conducting polymers was made by Shirakawa, MacDiarmid and coworkers in 1977 [160]. They showed that when polyacetylene (generally
considered an insulator) was exposed to vapours of halogens (e.g. iodine)
and other oxidising agents, the partial oxidation caused a dramatic
increase in the conductivity of the polymers film (with values in the
metallic regime). Consequently, polyacetylene is often referred to as an
organic metal. After this discovery, studies into the physics and chemistry
of conducting polymers or organic metals have been extensively
developed [161]. For example, polyaniline has been synthesised via both
chemical and electrochemical oxidation and shown to be conducting (o
=1-10 S c m - 1 ) in its emeraldine salt form.
In 1968, Dall'olio et al

[162] published the first analogous

electrosynthesis of other conducting polymer systems. They prepared a
brittle, film-like polypyrrole black on a platinum electrode during anodic
oxidation of pyrrole in sulphuric acid. The first flexible, stable
polypyrrole films with high conductivity (100 S/cm) were produced by
Diaz et al. from acetonitrile solution in 1979 [163]. In 1983 they also
reported that polythiophene could be synthesised in the same way from a
solution of thiophene monomer.
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In the early 1980's, other polymers such as polyparaphenylene [164] and
polyphenylene sulphide [165] were also found to exhibit high conductivity
upon oxidation. Electrochemical polymerization has also been extended to
other substrates such as furan, indole [166] and carbazole [167].
The two conducting polymers of interest in this project are polypyrrole
(63) and polyaniline (64). These polymers exhibit high environmental
stability and structural versatility, which allows the modulation of their
electronic and electrochemical properties by manipulation of the
m o n o m e r structure via the incorporation of an appropriate counter ion
(A").

H H

I A"
H
(63)
polypyrrole

(64)
polyaniline (emeraldine salt form)

1.10.1. Mechanism of Conductivity
The conductivity of an organic polymer is dependent on it being in a state
of relative oxidation or reduction. The polymer m a y lose (oxidation) or
gain (reduction) electrons, resulting in a change in the electronic structure
that allows it to conduct electricity. The essential and most striking feature
of the chemical structure of conducting polymers is their conjugated
system extending along a number of monomeric repeating units. Metals
can be regarded as a crystalline arrangement of cations within a cloud of

electrons, that are free to m o v e through the lattice in the presence of an
electric field. These free electrons are therefore considered to be the
charge carriers for electrical conduction in metals. In c o m m o n organic
materials, however, no such condition exists. Valence electrons in normal
covalent bonds are tightly held and shared between the atoms. These
localised (tightly held) electrons are therefore not available as charge
carriers. However, in double and triple C- C bonds the 7t-electrons are
relatively free compared to the a-electrons. In conjugated double bond
systems it is possible that delocalisation of rc-electrons can occur through
the interaction of neighbouring n-orbitals. Thus, in a completely
conjugated system the delocalisation can m a k e the 71-electrons freely
mobile over the entire length of the molecule.
1.10.2.

Conducting Polymer Synthesis

T h e first step in chemically and electrochemically

induced

polymerization processes is a redox reaction. During this process a
counter anion is incorporated into the polymer, which is called "doping".
1.10.2.1. Mechanism

of Polypyrrole Growth

Pyrrole can be polymerized both chemically and electrochemically.
Electrochemically prepared polypyrrole films are more stable, with a
higher conductivity as well as a longer chain length. However, the
electrode area imposes limitation in electrochemical synthesis. In contrast,
chemically prepared polypyrrole can be obtained in bulk in the powder
form.
T h e polymerization of pyrrole starts at the appropriate potential for
m o n o m e r oxidation [168-170]. This results in the generation of radical
cations at the anode. Then the coupling of the radical cations and the
elimination of two protons starts propagation, which results in the neutral
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dimer [169-171]. The coupling of a radical cation with a neutral pyrrole
can also occur [170]. W h e n the chain becomes sufficiently long, the
polymer becomes insoluble and precipitates on the electrode. The
composition of the polymer was found to correspond to the presence of
one positive charge (accompanied by a counterion) for every 3-4 pyrrole
rings on the backbone of the polymer [172]. Figure 1.3 shows the above
stepwise mechanism for polypyrrole growth.

O
oxidation

o
radical monomer
coupling

r=\
radical radical
/ + \ coupling

A

A
polymerization

Figure 1.3 Mechanism

I

of Polypyrrole formation

1.10.2.2.

Mechanism

of

Polyaniline

Formation

Polyaniline has a different mechanism than other conducting polymers for
its oxidative formation from the monomer aniline. This is because of the
configuration of the polymer, which is of the A - B type (with two
different repeating units), whereas most other conducting polymers,
including polypyrrole are of the A - A type (with the same repeating units).
The first step is oxidation of the aniline monomer to give a radical cation
[173,174] followed by a radical cation coupling process [174], which
results in the formation of aniline dimer. The next step involves the
oxidation of this dimer to form a radical cation. Finally, chain
propagation and polymer doping takes place as polymerization proceeds.
These steps are shown in Figure 1.4.
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The heteroatom (N) in polyaniline participates in the chain conjugation to
a greater extent than the heteroatom in polypyrrole. Consequently, the
conductivity of the polyaniline depends on both the oxidation state of the
polymer and the degree of protonation. Polyaniline can exist in various
oxidation states. However, only the doped emeraldine salt form (65)
possesses electrical conductivity. The neutral emeraldine base (EB) form
has amine (-NH-) and imine (=N-) sites in equal proportions. In the
presence of acids, the imine sites are preferentially protonated to give the
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bipolaron (dication salt) form. However, this bipolaron rearranges to a
delocalized polaron form, which is a polysemiquinone radical-cation salt.
This is shown in Figure 1.5 below.

emeraldine base
H+A"

protonation

T

-+O-i-CH-0-g-0-iiij
bipolaron form

i
:

-f-0-s"-0-! 0-ii-0-iii;
polaron form (dication) of emeraldine salt

Figure 1.5. Doping of emeraldine base with acid (HA) to form the
conducting emeraldine salt (65)

It is widely accepted that the polarons are the charge carriers responsib
for the high conductivity of polyaniline [175-181].
The conductivity of emeraldine salt is dependent on many factors such as
temperature, humidity, counterion species, functional groups on the
m o n o m e r and preparation condition. The highest conductivity occurs in
the emeraldine salt form when the polymer is 5 0 % protonated, typical
values being between 1-10 S cm~l.

1.10.2.3.

Electrochemical Polymerization

For the polymerization and study of conducting polymers, usually three
different electrochemical methods are employed which effect both the
physical and chemical properties of the polymer formed.
The most often used method for growing the polymer electrochemically is
potentiostatic polymerization. Potentiostatic growth involves applying a
fixed oxidation potential to the working electrode. The applied potential is
chosen to prevent over-oxidation of the polymer, which leads to the
irreversible degradation of the polymer's electrical and mechanical
properties. Galvanostatic conditions can also be used to grow the polymer.
In this case, the current passing through the cell must be chosen so that the
average anode potential is similar to that used w h e n working

under

potentiostatic conditions. In this method, the current density is the
important parameter.
Dynamic potential (cyclic voltammetry) procedures m a y also be used for
synthesising very thin films or layers of polymers under well-controlled
conditions, in which the scan rate is an important parameter. Pulse
techniques, on the basis of potential-time or current-time, have proved to
be excellent tools for the elucidation of the kinetics of the deposition
processes, which involve adsorption, nucleation and growth steps.
1.10.2.4. Chemically Synthesised Polyaniline.
Polyaniline can also be synthesised chemically. In this project, studies
largely concentrated on chemically synthesised polyaniline.
A range of chemical oxidants have been used for the polymerization of
aniline, such as a m m o n i u m persulfate [182,183], potassium dichromate
[184], chromyl chloride [185], iron(III) chloride [186] and hydrogen

peroxide [187]. A m m o n i u m persulfate has been the most extensively used
oxidant and the oxidation has been typically carried out in acid medium
such as hydrochloric acid (pH 1) [182] or sulphuric acid (pH 0-2) [186188].
The effect of different conditions on the chemical polymerization was
studied in detailed by Cao et al. [189]. They optimised the conditions for
synthesis using a m m o n i u m persulfate, with respect to the viscosity of the
solution, polymer electrical conductivity and reaction yield.
A study [190] of the oxidation of aniline using ammonium persulfate as
chemical oxidant showed that the rate of reaction is dependent on
temperature in the range of 0-80° C. The enthalpy of reaction is high
( A H ° = -372 kJ mol"l) and does not vary with temperature between 0°
and 70°C, nor with the concentration of oxidant.
Chemically synthesised polyaniline (PAn) is insoluble in water. Different
colours were observed depending on the structure of the polyaniline
produced. For example, a dark green powder was usually obtained, which
was then separated by filtration. These materials were called emeraldine
salts (PAn.HA), with different acids H A (e.g. HCl) incorporated in the
polymer [191]. The precipitate was then washed with methanol to remove
oligomers and dried under a dynamic vacuum for 24-48 hrs. The
emeraldine salts were then suspended in a m m o n i u m hydroxide solution
and stirred to remove the acids, H A . After filtering, the powders were
washed with water and dried under dynamic vacuum. The resultant
powders were the non-conducting blue form of polyaniline k n o w n as
emeraldine base (EB) [191]. These reversible acid / base, doping / dedoping sequence are shown in scheme 1.2.
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emeraldine base
+NH4OH

+HA

A-

emeraldine salt
Scheme 1.2. Acid doping and de-doping ofEB

1.11. CHIRAL CONDUCTING POLYMERS
There are few reports concerning the synthesis of chiral conducting
polymers. Such polymers should be of interest because of their potential
applications in areas such as chiral separations and asymmetric
electrosynthesis, or as chiral sensors.
Optical activity in the n-n* absorption band of conjugated polymers m a y
be induced by the presence of chirality in the side chain [192]. This
approach was employed in the first synthesis of a chiral conducting
polymer in 1985 [193,194]. Studies to date have concentrated mostly on
polypyrrole and polythiophenes in which a chiral substituent is covalently
attached at the pyrrole N atom or at the p-ring position of the pyrrole or
thiophene repeat unit.
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1.11.1.

Chiral Polypyrroles

A range of polypyrroles (66-68) substituted at the nitrogen atom with
chiral (+)-camphorsulfonate esters has been synthesised via the electropolymerization of the corresponding chiral monomers [193,194].
However, circular dichroism (CD) measurements of the polymer films
deposited on indium tin oxide-coated glass showed no visible region C D
bands. Only a C D band at 295 n m was observed, due to the incorporated
(+)-camphor sulfonate group (69). Therefore these polymers may not
possess main chain asymmetry.

4-

o-* -ck ^y. -c^
N

I

N )
(CH
2

N

N

OR

I

OR

OR

(66)

N

(67)

(68)

R=

(69)
Similarly, a chiral conducting polypyrrole has been synthesised [195] in
which a P-D glucose derivative was attached to the pyrrole N atom (70).
The resulting polymer film showed high optical activity

([CC]D

> 500°),

which suggests an asymmetric polymer conformation. Doping of this
polymer (70) with the electrolyte (lR)-(-)-10-camphersulfonic acid in
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water or acetonitrile solution showed a higher doping level than doping in
the enantiomeric (lS)-(-)-10-camphorsulfonic acid.

o

r-N

,°

CH2
CE3COO<^r^\
0OCCH3
CH3COO -v-^v-v^
CH3COO
(70)
The synthesis of the chiral polypyrroles (71) has also been reported, in
which amino acids were covalently bonded as chiral substituents in the
3-position of the pyrrole ring [196]. The conductivity of these polymers
was reduced (0.2-14 S cm" 1 ) compared to the parent polypyrrole (100 S
cnr 1 ). This effect was probably due to steric crowding at the 3-substituent
causing bending of adjacent rings from the planarity required for high
conductivity.
H

,— C O O C H 3
*/

N*^ ^ R

(71) a: R= C H 2 O H ; b: R= CH(CH 3 ) 2 ; c: R= phenyl.
The circular dichroism spectra of these polymers showed a large positive
Cotton effect centred at ca. 465 n m (Ae L _ R =1.00 mol' 1 cm" 1 ) associated
with a corresponding visible adsorption band. This confirmed the macro

52

asymmetry of the polypyrrole chains, suggesting a one-sense helical
conformation for the polymer backbone.
1.11.2.

Chiral Polythiophenes

In 1988, Lemaire et al. reported [197] the synthesis of the chiral
polythiophene (72) by an electropolymerization method. This polymer
showed enantioselective recognition property and very large specific
optical rotation ([a]rj = 3000°). This contrasts with the relatively small
specific rotation of the m o n o m e r (72) ([a]rj = +12.5°). This big
difference in specific optical rotation between the monomer and polymer
indicated that a one-sense helical conformation was induced in the
polymer chain by the chiral ring substituents. The cyclic voltammetry
study of this polymer in presence of (+)- and (-)-camphorsulfonic acid
showed that the doping level was 5 0 % higher with the (+)- than the (-)camphorsulfonic acid. This indicated that the chiral conjugated polymers
possess enantioselective recognition ability towords the dopant acid during
the redox cycle. The conductivity of this polymer film was about 1 S cnr
1.

(72)

The chiral thiophene polymer (73) can be chemically polymerized to giv
a water soluble conducting chiral polymer. This polymer exhibited very
remarkable solvent dependent chiroptical properties. The optical rotation
of (73) in water was observed to be very large

([OC]D=3800°).

However

in methanol the optical rotation was greatly reduced. The C D spectrum of
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(73) in water was measured, but when dissolved in methanol the C D
bands completely disappeared. This behaviour was interpreted in terms of
a significant amount of the syn. conformer of the polymer in water
isomerizing to the anti conformer in methanol; only the syn conformer
gave a helical polymer.

NH,+ Cl

(73)

More recently, Maijer et al. [198] reported interesting temperaturedependent chiroptical properties for the chiral thiophene polymer (74).
This polymer dissolved in methylene chloride did not show any optical
activity at room temperature in the 7t-7t* transition at X m a x = 438nm.
However, when the solution was cooled to -30°C, a strong Cotton effect
was observed. Lowering the temperature also caused a significant red
shift in the absorption spectrum. This was interpreted in terms of a
conformationally disordered polymer chain converting to a highly
ordered form upon cooling.
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AIM OF THE PROJECT
The main objective of this thesis was to synthesise a range of chiral
monomers which could ultimately yield chiral polymers (polyelectrolytes)
upon radical initiated polymerization. The target monomers were (i) an
acrylamide substituted with a chiral auxiliary derived from (+)camphorsulfonic acid (Chapter 2) and (ii) a series of substituted
oxazolidines (Chapter 4). In the case of the novel chiral acrylamide, a
subsidiary goal was to generate an interpenetrated network chiral gel via
the use of a cross-linking agent during the polymerization process.
Another goal w a s the electrochemical synthesis of poly aniline and
polypyrrole salts in which the above mentioned m o n o m e r s and
polyelectrolytes were incorporated as counterions and to examine the
chiroptical properties of these novel chiral conducting polymers. These
m a y have potential uses as sensors, batteries and in separation technology.
A third objective was to examine in detail the chemical doping of neutral
emeraldine base (EB) with (+)-camphorsulfonic acid,as well as the novel
monomers and polymers synthesised above, to generate chiral polyaniline
salts. O f particular interest was to establish the influence of various
factors such as the solvent, the presence or absence of an inert
atmosphere, the reagent concentrations and the m o d e of mixing, on the
circular dichroism and uv-visible spectra of the optically active
polyaniline salts generated, and to relate these to conformational changes
in the polymer chain.

CHAPTER 2
SYNTHESIS OF NOVEL CHIRAL POLYMERS
AND THEIR INCORPORATION INTO
CONDUCTING POLYMERS
2.1 INTRODUCTION
The synthesis of m o n o m e r s that form the building blocks of
polyelectrolytes has been an area of considerable interest over the past
decade [199,200]. O f particular interest has been the synthesis of
ionogenic m o n o m e r s containing polymerisable vinyl groups. This
approach has been used to produce both anionic and cationic
polyelectrolytes, which have found applications in areas as diverse as
water treatment and biomaterials. These monomers have also been used
to form crosslinked or interpenetrated networks that have hydrogel
properties.
Optically active synthetic polymers, including gels, are also of current
interest because of their chiral recognition properties and their potential
applications as chiral catalysts, as chiral stationary phases in H P L C and as
chiral membranes for the separation of enantiomeric chemicals [201-203].
Part A of this Chapter describes the synthesis of the novel chiral
polyacrylamides la and lb that have the exceptional feature of possessing
both optical activity and polyelectrolyte behaviour. They were prepared
via the free radical polymerization of both diastereomers of the
corresponding acrylamide monomers. These vinyl m o n o m e r s were
specifically designed to incorporate a chiral auxiliary that also possessed
an ionisable sulfonic acid group.
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The only previously reported optically active polyacrylamides were a
series of ZV,/V-disubstituted acrylamides 2 (R, R 1 = phenyl, naphthyl,
pyridyl, etc) obtained [204] via the asymmetric polymerization of the
appropriate acrylamide monomers using chiral anionic initiators
consisting of (-)-sparteine and organolithium reagents. The optical activity
of the polymers 2 was believed [204] to arise from preferential one handed helicity of the polymer chain, established during polymerization
under the influence of the chiral initiator and maintained by the bulky
N,N-diarylamino group, which prevents stereomutation of the helix. In
the present study the possibility that both these roles, ie. preferential
formation of a one-handed helix and its maintenance by steric constraints,
could be performed by the one agent (the chiral auxiliary) is explored.

N
CO

I
—{-CH2-CH—|-
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The results are also of relevance to the important question of
stereochemical control during the free radical polymerization of alkenes
[205-211]. Until recently, little stereocontrol had been observed in the
free radical polymerization of vinyl monomers. However, this area has
attracted considerable recent interest. Particularly significant is the report
[211] that the free radical ( A I B N ) polymerization of acrylamide
m o n o m e r s 3, containing chiral oxazolidine auxiliaries, produced
polyacrylamides with high tacticity (up to 9 2 % isotactic polymer). Both
circular dichroism (CD) and N M R spectroscopic techniques are therefore
employed in the present study to examine the presence or absence of two
features in the novel chiral polyacrylamides 1, namely: (i) a helical
arrangement of the polymer backbone, and (ii) the tacticity of the
polymers, as determined by the stereochemistry of the stereogenic carbon
centres in the polymer chain.

I
/C

=0

H 2 C=CH
3 (R= Ph, But, pri)
In this chapter we explore a novel synthetic approach to a chiral
polyelectrolyte, commencing with the k n o w n optically active (+)-10camphorsulfonic acid ( H C S A ) . The route envisaged the reductive
amination of the (+)-HCSA to give the diastereomeric optically active
amines 4a and 4b. Reaction of these diastereomers with acroyl chloride
would be expected to yield the corresponding optically active acrylamide
m o n o m e r s 5 a and 5b. It was then planned to convert to the novel
polyacrylamides la and lb, via free radical polymerization. These
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polyacrylamide should then possess the useful features of both optical
activity and polyelectrolyte behaviour.
Studies are also reported aimed at preparing hydrogels related to the
polyacrylamide 1. The chiroptical and mechanical properties of this
hydrogel, which is the first reported chiral acrylamide gel, are described.
Part B: Over the last two decades there has been an explosion of interest
in conducting polymers based on polyaniline and polypyrrole that have
the potential of combining the high conductivity of metals with the
processability, corrosion resistance and low density of organic polymers.
In contrast, there have only been a few literature references in the field of
chiral conducting polymers (see review in Chapter 1). However,
development of such chiral polymers should be of considerable interest,
due to their potential applications in areas such as chiral electrodes in
electrochemical asymmetric synthesis and chiral chromatography.
In part B of this Chapter, the possibility of incorporating the novel
chiral monomers and polymers from part B into conducting polymers is
therefore explored, as a route to n e w chiral conducting polymers.
Recently in this laboratory, chiral polyaniline was prepared for the first
time via the electrochemical polymerization of aniline in the presence of
either (+)- or (-)-camphorsulfonic acid ( H C S A ) [203]. It was subsequently
shown that optically active PAn.(+)-HCSA or PAn.(-)-HCSA could also be
readily generated in solution or as films via the acid doping of emeraldine
base (EB) with (+)- or (-)-HCSA in a variety of solvents. Marked changes
in the C D spectra of such solutions were observed depending on the
nature of the solvent, which indicated major solvent-mediated
conformational changes in the polymer backbone. It was hypothesised that
the incorporation of the chiral counter ion (+)- or (-)-CSA- m a y
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introduce one screw-sense helicity to the polyaniline backbone via
electrostatic and H-bonds (equ. 2.1).
In this Chapter two potential routes incorporating the novel chiral
monomers and polyacrylamides from part A into polyanilines were
investigated, namely (i) electropolymerization of aniline in the presence
of these dopants ( H A ) and (ii) their chemical doping of emeraldine base
(EB) in D M F solvent as shown in eqn. (2.1). In the case of polypyrrole,
the electrochemical polymerization route was examined.

N

<^ <>-€>-£ <>^
emeraldine base
+HA

A"

Os-Os-* (2,)
2.2 EXPERIMENTAL
2.2.1

Reagents and Materials

(1 £)-(+)-10-camphorsulfonic acid, sodium cyanoborohydride, ammonium
acetate (99%), sodium hydroxide, a m m o n i u m persulfate, acryloyl
chloride, acrylamide and ^^A^N'-tetramethylethylenediamine
( T M E D A ) were purchased from Aldrich Chemical Co. and used as
supplied. 2,2'-Azobisisobutyronitrile (AIBN) from T C I Chemical Co.,
Japan, was crystallised from ethanol and kept in a freezer prior to use.
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D o w e x cation exchange resin (50-X8) was used for ion exchange
chromatography. Methanol was dried by distillation from magnesium
turnings and dimethyl formamide ( D M F ) was dried by distillation from
calcium hydride under reduced pressure. A Selby Anex type 453105
dialysis membrane was used for purification of polymers. Milli-Q
deionised water was used for ion-exchange chromatography and for the
electropolymerization experiments.
Both pyrrole (Sigma) and aniline (Aldrich) were distilled under vacuum
and kept in a freezer under argon prior to use. The emeraldine base (EB)
employed in the doping experiments was prepared by the Methods A and
B described later in sections 3.2.1.1. and 3.2.1.2..
2.2.2 Spectroscopic studies
Uv-visible spectra between 200-600 n m were measured on a Shimadzu
UV-1601 spectrophotometer. Solution and gel circular dichroism (CD)
spectra as well as C D spectra of films electrochemically deposited on
ITO-coated glass were recorded at room temperature using a Jobin Yuon
Dichrograph 6. Optical rotations at 589 n m were measured in water
solution at room temperature using a J A S C O DIP-370 digital polarimeter.
Solution iH (400 M H z ) and 13c N M R (100 M H z ) N M R spectra were
recorded on a Varian Unity 400 M H z N M R spectrometer, while solid
state ! H N M R

spectra were measured using a Bruker 600 M H z

spectrometer. The hydrogel 6 (see synthesis below) was also grown in an
NMR

tube using D 2 0 as solvent. In order to remove unreacted

monomers, cross-linker, initiator and catalyst, the N M R tube was filled
with D 2 O , left overnight and then decanted. This washing procedure was
repeated for several days and the *H and 1 3 C N M R spectra recorded each
day. Electrospray mass spectra were determined on a V G Quattro triple
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quadrupole spectrometer. The analytes (100 pmol pL _1 ) were dissolved in
water and the solvent stream was water/methanol (1/1). A skimmer
voltage of 50V was generally employed. Infrared spectra (as Nujol mulls
on NaCl plates) were recorded on a B o m e m M B 154 Fourier transform
spectrophotometer.
Elemental analyses were carried out by the Australian National University
and Queensland University Analytical Services.
2.2.3
(IS,

Preparation of Aminosulfonic Acid Monomers
2R,

4S)-

and

(IS, 2S,

4S)-a - [ 2 • A m i n o - 7 ,7 -

dimethylbicyclo[2,2,l]-l-heptyl]methylsulfonic acid 4a and 4b.
2.2.3.1 Method 1:
A solution of (15>(+)-10-camphorsulfonic acid (23.3 g, 0.1 mol), sodium
cyanoborohydride (4.4 g, 0.07 mol) and ammonium acetate (75 g, 0.97
mol) in dry methanol (300 m L ) was refluxed for 3 days under a
dinitrogen atmosphere. The methanol was then evaporated on a rotary
evaporator. The thick colourless residue was dissolved in a little distilled
water and chromatographed on a Dowex cation exchange resin (50 - X8)
that had been conditioned with 2 M HCl, using water as a eluent. The first
few fractions were evaporated to give a mixture of the diastereoisomers
4a and 4b in a ratio of ca. 60 : 40, respectively. These were then
dissolved in methanol for crystallisation. The minor diastereoisomer
crystallised out first, was filtered off and washed with methanol to afford
pure 4b (5.4 g). Further crystallisation of the mother liquor afforded
more of 4b (3.8 g). A third crystallisation from methanol with prolonged
cooling afforded the major diastereoisomer 4a (200 mg). The majority of
4a remained in the mother liquor as a mixture with 4b. The later
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fractions from the above column afforded more 4 a (180 m g ) after
evaporation of water. Repeated crystallization of the mixture of
diastereoisomers from methanol afforded further pure 4a (3.2g).
2.2.3.2 Method 2 (without ion exchange chromatography):

Method 1 was repeated as described above except that after evaporation o
the methanol, the thick colourless material was left overnight with slow
cooling. The next day the solid, thick mass was filtered onto a sintered
glass funnel using vacuum filtration. The thick filtrate was dissolved in
methanol for crystallisation. The minor diastereoisomer 4 b was
recovered in pure form after filtration and washing with methanol in a
good yield (7.9 g). Further crystallisation of the mother liquor afforded
starting material (5 g) and subsequently the major diastereoisomer 4a in
low yield (800 m g ) . Addition of acetone and diethyl ether to the mother
liquor and further crystallisation afforded a mixture of diastereoisomers
as a white powder, which was recrystallized from methanol to give 4 a
(2.7g) and 4b (1.2g) as pure white solids.
2.2.4

Preparation of Acrylamide M o n o m e r s

(IS, 2R,

4S)-

and (25, 2S, 4S)-a -[2- A c r y l a m i d o - 7 , 7 -

dimethylbicyclo[2,2,l]-l-heptyl]methylsulfonic acid 5a and 5b.
The diastereomerically pure aminosulfonic acid 4b (3.5 g, 0.015 mol)
was dissolved in 2 0 % aqueous N a O H (88 m L ) . Acryloyl chloride (25 m L ,
0.28 mol) was added to the basic solution dropwise or 0.5 m L at a time,
while swirling vigorously in ice-cold water (the reaction being
exothermic). After the addition was complete the reaction mixture was
left stirring for 1 hr. The reaction mixture was then acidified with dilute
aqueous H C l and extracted with chloroform (3 x 20 m L ) . The solvent was

evaporated and the residue dissolved in water (50 m L ) and extracted with
diethyl ether (3 x 30 m L ) . Evaporation of the water layer afforded (3.4 g,
80 % ) of 5b.The product was a hygroscopic, thick oil that was dried
under vacuum in the presence of phosphorus pentoxide to give a solid
material.
A similar procedure was employed to prepare the acrylamide 5a,
commencing with 4a.
2.2.5 Synthesis of Chiral Polyacrylamides la and lb.
2.2.5.1

Method 1:

A solution of the monomer 5a or 5b (150 m g ) in dry D M F (2 m L ) was
placed in a thick walled glass tube that was purged with dinitrogen for 20
min. A I B N (5 mol % ) was added and the tube sealed and then heated at
70 - 80 ° C for 3 days. The solution was then cooled and diluted with
acetone and the precipitate collected on a sintered glass funnel under
vacuum filtration. It was washed several times with acetone and then
dried. The polymers la (126 mg, 8 4 % yield) and lb (135 mg, 9 0 %
yield) were obtained as colorless hygroscopic solids that were best kept in
a desiccator.
2.2.5.2 Method 2:
A solution of the monomer 5a or 5b (150 m g ) and ammonium persulfate
(15 m g ) in water (2.5 m L ) was placed in a thick walled glass tube that was
purged with dinitrogen for 20 min. T M E D A (4 m L from a solution of
160 m L of T M E D A in water (100 mL)) was added and the tube sealed
and then heated at 45 - 50 ° C for 2 days. The water was then evaporated
and the crude polymer (186 m g of la and 210 m g of lb) was purified by
dialysis to give la (98 mg, 6 5 % yield) or lb (120 mg, 8 0 % yield).
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The polymers obtained from Method 1 and Method 2 had very similar
spectroscopic properties.
2.2.6 Hydrolysis of Polyacrylamide lb to Isotactic
Poly(acrylic acid)
Hydrolysis of the polyacrylamide lb, to release the aminosulfonic acid
chiral auxiliary and isotactic polyacrylic acid (PAA), was achieved using
the procedure described in detail below:
The polyacrylamide lb (200 m g , 0.7 mmol) was dissolved in 10 ml of 2
mol d m - 3 H C l and the solution refluxed for 3 hr. During this period, the
poly(acrylic acid) product separated from the aqueous solution as an oil.
After cooling to room temperature the aqueous fraction was removed by
pipette and rotary evaporated to dryness. The oily fraction was dried
under vacuum and its *H N M R spectrum recorded in D 2 O confirmed it to
be the expected poly (acrylic acid) (PAA), together with a small amount
of 4b impurity. This P A A product was purified by washing with a little
water to dissolve 4b while the remaining residue of P A A was not soluble
due to the low pH. Finally, two further water washings increased the p H
and the remaining residue was dissolved in water, giving a sample whose
tacticity was determined by *H N M R spectroscopy.
2.2.7.

Attempted Preparation of a Homo-Hydrogel from

5a

(IS, 2R, 4S)-a-[2-acrylamido-7,7-dimethylbicyclo[2,2,l]-l-heptyl]
methylsulfonic acid 5a (lOOmg, 0.35 mmol) together with W,N-methylene
bisacrylamide cross-linker (1.2 m g 0.007 m m o l ) were dissolved in 2 ml
of water. The solution was purged with nitrogen for 20 min and then
a m m o n i u m persulfate initiator (2 m g , 0.008 m mol) and N,N,N\N-tetr<i
methylenediamine accelerater ( T E M E D , ca. 3 pi) were added. The

solution was quickly transfered to and sealed in a nitrogen-filled tube for
gelation. However, prolonged standing (even with warming) did not give
a gel.
2.2.8. Preparation of Co-polymer Chiral Hydrogel 6
(IS, 2R, 4S) -a-[2-acrylamido-7,7-dimethylbicyclo[2,2,l]-l-heptyl]
methylsulfonic acid 5b (100 m g , 0.35 m m o l ) and acrylamide (com o n o m e r , 25 m g , 0.35 m m o l ) , together with iV,yV-methylene
bisacrylamide cross-linker (1.2 m g , 0.007 mmol) were dissolved in 2 ml
of water. The solution was purged with nitrogen for 20 min and then
a m m o n i u m persulfate initiator (2 m g , 0.008 m m o l ) and N,N,N\N'tetramethylenediamine accelerator ( T E M E D ca. 3 pi) were added. The
solution was quickly transfered to and sealed in a nitrogen-filled tube,
where gelation occurred within a few min at room temperature (ranging
from 10-20 °C). After a few hours the gel 6 was removed carefully and
immersed in a beaker containing 200 ml of water for several days to
remove unreacted monomer, initiator and catalyst. During this process the
gel swelled and absorbed a very large amount of water ( E W C = 99.96%)

A sample of the hydrogel was evaporated in an oven at 60 °C for 2 days
It was then further dried under vacuum in the presence of phosphorous
pentoxide at 40 ° C for 3 days, before forwarding to the Microanalysis
Unit at the Research School of Chemistry, Australian National University.
Anal. Calcd: S= 6.08. Found: 6.19 %.
Related gels were also prepared by using different proportions of the
cross-linker (e.g. 8 m g cross-linker was used with 140 m g of chiral
amide, 10 m g cross-linker with 140 m g chiral amide 16 m g cross-linker

with 140 m g chiral amide and 40 m g cross-linker with 140 m g chiral
amide) in order to enhance the gels mechanical properties.
2.2.9 Spectroscopic Characterization of Chiral Monomers
and Polymers
4a: 1H N M R (D2O) (Figure 2.1) 5 0.79 (s, 3H, Me), 0.88 (s, 3H, Me),
1.16 (m, 1H), 1.51 (m, 1H), 1.85 - 171 (m, 5H), 2.93 (d, 1H, HlOdiast, J =
15 Hz), 3.14 (d, 1H, H10 diast, J = 15 Hz) 3.42 (t, 1H, H2; J = 7.8 Hz).
13C N M R (D2O) (Figure 2.2) 5 37.9, 44.9, 51.0, 57.5, 62.5, 66.5, 67.2,
67.9, 73.9, 75.5.
ESMS(+ve) m/z 234 ([M+H]+, 100%); (-ve) m/z 232 ([M-H]-, 100%).
[cx]23D _ - 570 (0.5 g/100 mL, H2O).

Anal. Calcd. for C10H19NO3S : C, 51.5; H, 8.2; N, 6.0; S, 13.7. F
C, 51.3; H, 7.9; N, 5.9; S, 13.2%.
4b: 1H N M R (D2O) (Figure 2.3) 6 0.77 (s, 3H, Me), 0.79 (s, 3H, Me),
1.02 (dd, 1H, J = 3.5, 13.8 Hz), 1.19 (m, 1H), 1.67 (m, 4H), 2.27 (m,
1H), 2.89 (d, 1H, J = 14.7 Hz), 3.02 (d, 1H, J = 14.7 Hz), 3.60 (dd, 1H, J
H2; = 2.9, 10.8 Hz).
13C N M R (D2O) (Figure 2.4) 6 17.2, 18.5, 23.7, 26.7, 34.2, 42.8, 48.2,
51.2, 52.8, 55.3.
E S M S (+ve)m/z 234 ([M+H]+, 100%); (-ve) m/z 232 ([M-H]", 100%)
[a]23D = + 23° (0.5g/100 mL, water).

Anal. Calcd. for C10H19NO3S : C, 51.5; H, 8.2; N, 6.0; S, 13.74 F
C, 51.5; H, 8.1; N, 5.9; S, 13.5.
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5a: 1H N M R (D2O) (Figure 2.5) 5 0.74 (s, 3H, Me), 0.82 (s, 3H, Me),
1.05, (m, 1H), 1.22 (m, 1H), 1.89-1.50 (m, 5H), 2.74 (d, 1H, HlO diast, J
= 15 Hz), 3.23 (d, 1H, HlO diast, J = 15 Hz), 3.88, (dd, 1H, J = 4.5 Hz, 8.7
Hz), 5.55 (dd, 1H, vinyl CH 2 , J = 1.2, 10.2 Hz), 5.99 (dd, 1H, vinyl CH 2 ,
J = 1.2, 17 Hz), 6.20 (dd, 1H, vinyl CH, J = 10.2, 17 Hz).
13C N M R (D20) (Figure. 2.6) 6 39(2Me), 44.5, 51, 55, 58, 62, 67, 67.5,
68.5, 74.5, 145(vinyl), 149(vinyl), 186 (CO).
ESMS (+ve) m/z 288 ([M+H]+, 100%); (-ve) m/z 286 ([M-H]-, 100%).
[a]23D = - 66.6° (0.5 g / 100 mL, H2O).
For CD spectrum, see Figure 2.7.
5b: 1H N M R (D2O) (Figure 2.8) 5 0.81 (s, 3H, Me), 0.84, (s, 3H, Me),
0.89 (dd, 1H, J = 4.5 Hz, 13.5 Hz), 1.16 (m, 1H), 1.59 (t, 1H), 1.87 - 1.63
(m, 3H) 2.30 (m, 1H), 2.88 (d, 1H, HlO diast, J = 15 Hz), 2.95 (d, 1H, HlO
diast, J = 15 Hz), 4.06 (dd, 1H, J = 1.5, 5.4 Hz), 5.59 (dd, 1H, vinyl CH2,
J = ca 1, 10.2 Hz), 6.02 (dd, 1H, vinyl CH2, J = ca 1, 17 Hz), 6.14 (dd,
1H, vinyl CH, J = 10.2, 17 Hz).
13C N M R (D2O) (Figure 2.9) 6 17.5(Me), 18.7(Me), 23.9, 27.1, 36.7,
43.4, 48.7, 49.7, 53.0, 54.7, 126.3(vinyl), 130.0(vinyl), 168.2(CO).
ESMS (+ve) m/z 288 ([M+H]+, 100%); (-ve) m/z 286 ([M-H]", 100%).
[ct]23D _ + 3 40 (o.5g/i()0 mL, H2O). C D spectrum in Figure 2.7.

Anal. Calcd. for C13H21NO4S : C, 54.3; H, 7.4; N, 4.9; S, 1
C, 53.7; H, 7.3; N, 4.7; S, 11.0%.
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la: 13C N M R (solid state) (Figure 2.10) broad peaks at 6 176.2 (CO),
56.2, 49.0, 44.5, 40.8, 35.2, 27.6, 20.5 (Me).
[ a ] 2 1 D = -49° (0.5 g/100 m L , H20).
Ae = -0.05 M-lcm-1 at 290 nm (Figure. 2.11).
lb: 13 C N M R (solid state) (Figure 2.12) broad peaks at 6 176.3 (CO), ca.
56, 49.2, 44.2, 28.2, 18.8 (Me).
13C N M R (D2O, 125 M H z ) (Figure 2.13) broad peaks at 6 176.5(CO),
55.7, 53.0, 49.1, 43.5, 36.9, 27.4, 24.4, 19.6(Me), 18.3(Me).
[ a ] 2 1 D = +15° (0.5 g/100 m L , H2O).
Ae = 0.01 M-lcm-1 at 290 nm (Figure 2.11).
Anal. Calcd. for C 1 3 H 2 1 N O 4 S : C, 54.3; H, 7.4; N, 4.9; S, 11.2. Found:
C, 53.6; H, 6.9; N, 4.5; S, 9.7%.
2.2.10.

Molecular Weight Measurements of Polymers

The molecular weights of the polymers la and lb from Method 1 were
determined by gel permeation chromatography (GPC) at Sydney
University. The polymers in 0.25 mol dm"3 N a N 0 3 were buffered with
O.Olmol dm-3 N a H 2 P 0 4 and eluted at p H 7 on a T S K gel G 2 5 0 0 P W X L
column at 20 °C. The detector was a differential refractive index detector
using polyethylene glycol (PEG) standards in the range 21000-1500 g

mol-1.
2.2.11.

Purification of Polymer from Oligomers by Dialysis

The crude polymers obtained by the Method 2 (section 2.2.5.2) were
purified by dissolving the polymers (186 m g of la and 210 m g of lb) in
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water (10 ml) and placing the solution in a sealed membrane (Selby Anax,
dialysis membrane, type 453105) that was immersed in water (100 ml)
for 72 hr. The contents of the membrane were then evaporated to give
la (98 m g ) or lb (120 mg).
2.2.12. Estimation of Equilibrium Water Content (EWC) of
Hydrogel

6

A portion of the fully swollen gel 6 was carefully wiped with blott
paper, then weighed and transferred to an oven and maintained for two
days at 60°C. The dried gel was then quickly transferred to a dessicator
containing silica gel for 30 min to cool and weighed in a sealed vessel (in
order to protect from air moisture). The Equilibrium Water Content
( E W C ) was calculated using eqn. (2.2),

Wh- Wd
EWC = —

—

x 100

Wh

(2.2)

where Wh is the mass of hydrated gel (before drying) and Wd is the
mass of dehydrated gel (after drying).
EWC = 25.379-0.010 x 100
25.379
= 99.96%
2.2.13. Electrochemical Polymerization procedures
Monomer and water solutions were flushed with nitrogen prior to
electropolymerization.The polymerization of pyrrole was carried out
using

either

a

constant

potential

or

a

constant

current.

Electropolymerization of aniline was carried out using the potentiostatic
mode only.
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2.2.13.1. Potentiostatic Polymerization (Chronoamperometry)
Pyrrole electropolymerization was carried out by using pyrrole (0.05M)
and an equivalent molar of la, lb, 4a, 4b, 5a, or 5b at a constant
potential of 0.75V using platinum as the working electrode and
0.2mA/cm 2 when ITO coated glass was used as the working electrode.(vs
Ag/AgCI) applied to the working electrode and the synthesis time was
varied between 30 sec.and 5 min.
Aniline electropolymerization was carried out by using aniline (0.2 mol
d m - 3 ) and 4a, 4b, (0.1 mol dm -3 , instead of 0.2 mol dnr 3 , because of its
limited solubility) and la, lb (0.2 mol d m - 3 ) , applying a constant
potential of 0.8-0.9 V (vs Ag/AgCI) using pt as the working electrode.
Polymer growth times were between 30 sec and 5 min.
2.2.13.2. Galvanostatic polymerization (chronopotentiometry)
In this technique, the potential of the working electrode was recorded
during the application of the current. Polypyrrole was also synthesised by
applying a current of 2 m A to the ITO-coated glass working electrode.
2.2.13.3. Cyclic Voltammetry
Cyclic voltammograms for each of the polypyrrole films deposited on
platinum and ITO-coated glass electrodes were obtained in a solution
containing N a N 0 3 (0.5 mol d m " 3 ) as supporting electrolyte. Cyclic
voltammograms

were

also

recorded

after

the

attempted

electropolymerization of aniline in 1 mol dm~3 H C l in the presence of the
dopants 4a, 4b, 5a, and 5b employing lmol dm" 3 H C l as electrolyte.
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2.2.14.

Doping of Emeraldine Base (EB) with 1, 4, and 5

in D M F solvent
The influence of the chiral dopant was also explored by employing the
novel derivatives 1, 4 and 5 as the dopant acid H A in the doping reaction
shown in eqn. (2.1). Typical doping conditions were as follows: 1.5-2.0
m g of E B was mixed with 25 m g of the dopant acid H A and 10 m l of
D M F solvent added. The mixture was stirred for 20 min and filtered
through a 0.5 p filter prior to measuring the C D and uv-visible spectra of
the solution.

2.3 RESULTS AND DISCUSSION
PART A.
2.3.1

Preparation and characterization of Chiral

Monomers
2.3.1.1 Amino sulfonic acids 4a and 4b
Reductive amination [212] of (15)-(+)-10-camphorsulfonic acid with
sodium cyanoborohydride and ammonium acetate in methanol solution at
reflux for 3 days gave a 60 : 40 mixture of the novel e*<9-aminosulfonic
acid 4a and ercdo-aminosulfonic acid 4b, respectively (Scheme 1). The
two diastereoisomers could be conveniently separated by ion-exchange
chromatography and selective crystallisation from M e O H . Diastereomers
2b was less soluble than 4a in methanol and could be readily isolated
diastereomerically pure in higher yield than 4a, despite being the minor
diastereomer in the crude reaction product.
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The stereochemical outcome and diastereoselectivity of this reductive
alkylation was that expected from studies on the reduction of
camphorsulfonic acid itself [220]. The stereochemistry of the minor
diastereoisomer 4b was unequivocally determined by N O E S Y lH N M R
experiments. These showed a strong cross-peak between one C-7 methyl
group (ca. 5 0.77) and H-2 at 5 3.60 (dd, J = 2.9, 10.8 Hz), while a
similar study on 4a showed a cross-peak between H-2 (6 3.42, t, J = 7.8
Hz) and the H-10 proton. Full lH and 13c N M R assignments for 4a and
4b are given in section 2.2.9 of this chapter.
CH3

CH3

S0 3 H
camphorsulfonic acid
NH 4 OAc NaCNBH 3

CH3

CH3

CH3

C

H3

NOE
10\
S0 3 H

2 ,NH2
S03H

4b

4a
Scheme 2.1

The infrared spectra of 4a and 4b confirmed the formation of amine
products v ( N H stretch) (Nujol) at ca. 3300 cm-1 and v ( N H bend) at ca.
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1618 cm-l. A strong v (SO3) band at 1157 cm _ l also supported the
presence of the sulfonic acid substituent, as did the [M-H] - ion observed at
m/z 232 as the base peak in the negative ion E S M S of the two
diastereomers. Interestingly, their positive ion E S M S showed not only the
expected [ M + H ] + ion as the base peak (m/z 234), but also a moderately
intense ion at m/z 467, presumably arising from the protonation of a self
protonated dimeric cluster.
2.3.1.2. Acrylamide Monomers
Treatment of a basic solution of 4a or 4b with an excess of acryloyl
chloride at 0 °C, followed by acidification of the reaction mixtures, gave
the aminoacrylamides 5a and 5b, respectively, in 8 0 % yields (Scheme
2.2). These novel acrylamides incorporate both a sulfonic acid group and
a chiral auxiliary. Their lH and 1 3 C N M R spectra (Figure 2.5, 2.6, 2.8
and 2.9) and elemental analyses (see Experimental) are fully consistent
with the proposed structures. l H and 13c N M R assignments for these
compounds are given in section 2.2.9 of this chapter. In particular,
resonances are observed for the vinyl protons in 5a at 5.55 (dd, 1H,
C H 2 , J = 1.2, 10.2 Hz), 5.99 (dd, 1H, C H 2 , J = 1.2, 17 Hz), 6.20 (dd, 1H,
C H 2 , J = 10.2, 17 Hz) and in 5b at 5.59 (dd, 1H, C H 2 , J = cal, 10.2 Hz),
6.02 (dd, 1H, C H 2 , J = ca 1, 17 Hz), 6.14 (dd, 1H, C H , J = 10.2, 17 Hz).
Conversion to the amides was also confirmed by the appearance in the
infrared spectra of v (NH) stretch at 3300-3400 cm-l a n d v (NH), v (CO)
bands at 1544 and 1652 cml respectively. The negative ion E S M S of
diastereomers 5a and 5b again exhibited [M-H] - ions (m/z 286) as the
base peaks, consistent with the presence of the sulfonic acid substituent.
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2.3.1.3.

Chiroptical Properties of Amine and Acrylamide

Monomers

The aminosulfonic acid monomers 4a, and 4b, exhibited no absorption
bands in their aqueous uv-visible spectra between 200 and 600 nm. N o
circular dichroism bands were therefore observed in this region.
However, their [cc]rj values (see Experimental) were consistent with their
diastereomeric formulations.

The uv-visible spectra of the novel acrylamide monomers 5a and 5b each
showed an expected weak shoulder at 230 n m for the amide ( C O N H )
chromophore. Intense absorption below 240 n m prevented meaningful C D
data being obtained at lower wavelengths, even for highly diluted aqueous
solutions. However, the two diasteromers 5a and 5b exhibited positive
and negative C D ellipticities, respectively, at wavelengths below 280 nm,
consistent with their amide chromophore (e.g. Ae 2 6o = + 0.02 and - 0.06
mol-l d m 3 cm-l, respectively; Figure 2.7). Their [cc]rj> values of-66° and
+ 3 ° also indicate that the sign of the optical rotation is dominated by the
opposite configuration of the C-2 atom in the two diastereomers (to which
the amide substituent is attached). The absence of mirror symmetry in the
C D spectra and optical rotations of 5a and 5b arises from the presence in
each case of the fixed configurations at the C-l and C-4 atoms of the
chiral auxiliary.
2.3.2 Chiral Polyacrylamides
2.3.2.1.

Synthesis

Free radical polymerization of 5a or 5b with AIBN initiator (5 mol %)
in D M F solvent at 75 °C for 70 hr gave high yields (84-90%) of the
polymers la or lb, respectively (Scheme 2.2). The polymerization
reactions could be conveniently monitored by analysing aliquots of the
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reaction mixture using lH N M R (D2O) spectroscopy (Figure 2.14) by
observing the disappearance of the olefinic protons of the 5a or 5 b
monomer precursors near 6 ppm. After polymerization was complete, the
D M F solution was cooled and the polymer product was precipitated by the
addition of acetone and collected by vacuum filtration.
Alternatively, the polymers la or lb could be prepared in somewhat
lower yield (65-80%) by heating a solution of 5a or 5b in the presence of
ammonium persulfate as initiator and T M E D A as accelerator in water at
45 - 50 ° C for 2 days. The polymers la and lb could be further purified
from smaller molecular weight oligomers by dialysis. These purified
polymers had very similar spectral properties to their respective polymers
that were prepared above using A I B N as initiator.
Gel permeation chromatography'studies (e.g. Figure 2.15) showed that
the polymer lb has a somewhat higher molecular weight (Mn ca. 5,200
Daltons) than the diastereomeric polymer la ( M n ca. 3,500 Daltons)
(Table 2.1). The polydispersity (1.52) is also higher for diastereomer lb.
These molecular weights are lower than those obtained for
polyacrylamides prepared under similar conditions by Porter et al [211]
from related oxazolidine acrylamides ( M n ca. 30,000 Daltons). However,
they are similar to those ( M n = 3,200-4,100 Daltons) reported by
Okamoto et al [204] for chiral poly (N,N-disubstituted acrylamides)
prepared by an alternative route using a chiral anionic initiator {(-)sparteine/organolithium} to polymerize achiral acrylamide monomers.
Table 2.1. Molecular Weights of Chiral Polyacrylamides
Polymer

Mn

Mw

peak M p

%

la

3,450

5,470

7,010

1.28

lb

5,150

7,840

9,520

1.52
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The novel polyacrylamides la, and lb, were readily soluble in water and
were characterised by solution-(D20) and solid-state lH and 1 3 C N M R
spectroscopy. The solution lH N M R spectrum of each polymer confirmed
that the olefinic proton resonances associated with the respective
acrylamide monomers (eg. at 8 6.02 - 5.47 for 5b) were absent. Olefinic
carbon resonances were also absent in the 1 3 C N M R spectra of the
polymers. Furthermore, there was a characteristic downfield shift of the
amide carbonyl resonance going from the monomer to the polymer { eg.
for 5b --»lb, 8 168.2 (unsaturated C O N H R ) shifts to 8 176.5 (saturated
CONHR)}.
The n e w polyacrylamides were also soluble in D M F , but insoluble in
acetone, chloroform and diethyl ether.
2.3.2.2.

Tacticity of the Polymers

The broadness of the solution- and solid-state lH and B C N M R spectra of
the polyacrylamides (eg. Figure 2.12- solid state 13C N M R spectrum of
lb) precluded the direct estimation of their tacticity. The polymer lb was
therefore converted via mild hydrolysis (see Experimental) to
poly (acrylic acid) (PAA), in order to determine its tacticity by J H N M R
spectroscopy using the method described by Matsuzaki et al [214] and
Monjol et al [215]. This approach has been recently applied successfully
by Porter et al [211] to established the tacticity of polyacrylamides
prepared via the free radical (AIBN) polymerization of the related chiral
polyacrylamides 3.
Figure 2.16a shows the 300 M H z lH N M R spectrum (D2O, p H 1) of the
P A A derived by acid hydrolysis of the polyacrylamide lb in the
diagnostic region (1.5-3.0 p p m ) where the backbone C H (methine) and
CH2

(methylene) protons (Figure 2.17) of the P A A appear. The
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assignments shown in Figure 2.16a were made on the basis of earlier
stereochemical studies [211,216-218] on P A A and by comparison with the
lH N M R

spectrum ( D 2 0 , p H 1) (Figure 2.16b) of a sample of

commercially available atactic poly aery lie acid (Aldrich).

COOH

\ c _ A.H
H

PAA

Figure 2.17
The downfield me thine proton at 8 2.24 is known to be insensitive
stereochemistry at the nearby chiral carbon C*. However, the methylene
protons are not only diastereotopic, but also sensitive to diad
stereochemistry (Figure 2.18). The two diastereotopic methylene protons
that are m (isotactic) diad peaks occur at a 1.75 and 1.48, while the
diastereotopic methylene protons that are in a t (syndiotacic) triad
resonate at a 1.60. Unfortunately, an accurate estimate of the isotacticity
of the hydrolysed polymer lb could not be determined, due to the overlap
of the isotactic and syndiotactic resonances (Figure 2.16a). Also, a small
amount (5%) of free aminosulfonic acid 4b impurity (released in the acid
hydrolysis) could not be removed from the P A A product despite several
washings with D 2 O . This resulted in a slight enhancement of the observed
signal at 1.60 ppm. However, comparison of the lH N M R spectrum in
Figure 2.16a with that of atactic P A A in Figure 2.16b clearly shows that
the P A A product from the hydrolysis is not atactic, and exhibits
significant (> 6 0 % ) isotacticity.
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1±

!_,_
X

m (meso)

r (racemo)

isotactic

syndiotactic

Figure 2.18. The two possible stereochemical diads of a 1-substituted
polyalkene -[-CH 2 -CH-] n .
Thus, the aminosulfonic acid chiral auxiliary is seen to have induced
moderate

isotacticity in the polyacrylamide produced. Examples of

stereocontrol in the free radical polymerization of vinyl monomers are
rare. Apart from the recent report of up to 9 0 % isotacticity by Porter et
al [211] for polymerizations carried out under similar conditions using a
related oxazolidinide chiral auxiliary, there is only one other report [219]
in which free radical vinyl polymerization has led to polymers with
greater than 6 0 % isotacticity.
The origin of the moderate stereocontrol observed in the free radical
polymerizations described here is believed, as suggested earlier by Porter
et al [211], to arise from facial selectivity in the approach of the
acrylamide monomers to the growing polymer radical, enforced by the
steric requirements of the chiral auxiliary. This stereoselectivity could
presumably be significantly enhanced by employing a related chiral
auxiliary in which the amido H atom in 1 is replaced by a bulky alkyl or
benzyl group.
2.3.2.3.

Chiroptical Properties of the Chiral Polyacrylamides

Aqueous solutions of the new polyacrylamides la and lb showed no
strong C D m a x i m a in the wavelength range 500-220 nm. This is not

surprising, as they exhibit no significant absorption peaks or shoulders in
this region. Nevertheless, the diastereomeric polymers revealed positive
and negative C D ellipticities, respectively, at wavelengths below 270 nm,
consistent with optical activity associated with their amide chromophore.
(Unfortunately C D spectra could not be recorded at lower wavelengths
than 220 nm, even for dilute solutions, due to intense absorption).
Significantly, the intensity of the polymers C D signals below 270 n m were
very similar to those measured above for their respective acrylamide
m o n o m e r precursors (see section 2.3.1.3). The absence of enhanced C D
signals for the polymers therefore indicates that they have not selectivity
adopted stable one-sense helical conformations.
This conclusion is also supported by the similar magnitudes of the [a]rj>
values

for the m o n o m e r

acrylamides

5

and their resultant

polyacrylamides 1.
In contrast, Okamoto et al [204] have reported that the polymerization of
Af,iV-disubstituted acrylamides (R, Rl = phenyl, naphthyl, pyridyl, etc)
using chiral anionic initiators gave chiral polyacrylamides whose intense
circular dichroism spectra (eg. Ae i_r = -2.5 mol-l d m 3 cm-l at 245 n m
for R = Rl = phenyl) suggested that the polymer chains adopted onehanded helicity. The latter Ae i_r value is ca. 50 times larger than the C D
intensities observed for our polymers la and lb.
Interestingly, concentrated aqueous solutions (>2.8 x 10" 2 mol d m - 3 ) of
the polymers la and lb exhibited weak C D bands of opposite signs at 290
n m (la: A e i_r = - 0.048 mol d m 3 cm-l; ib: Ae i_r = 0.007 mol-l d m 3 cml)(Figure 2.11). The origin of this weak band, which is not observed for
dilute solutions, is uncertain.

The apparent failure of the amidosulfonic acid chiral auxiliary in the
acrylamide m o n o m e r 5 to induce main chain chirality in the resulting
polyacrylamide 1 m a y result from similar kinetics / thermodynamics for
the formation of the two diastereomeric helical polymers {lb. (P)-helix
and lb. (M)-helix (or la. (P)-helix and la. (M)-helix}. Alternatively, its
smaller steric bulk compared to the iV,JV-disubstituted amide groups used
by Okamoto [204] m a y be insufficient to hinder the rapid interconversion
of the two helical polymer chain conformations (atropisomers).

In view of the significant stereocontrol exhibited by the amidosulfonic
acid chiral auxiliary in generating isotactic polymers la and lb (see
above), the latter explanation was considered the more probable.
2.4. Formation of Chiral Hydrogels
A n attempt to prepare a homo-hydrogel from the acrylamide 5 using
( N H 4 ) 2 S 2 0 8 as initiator, N,N-methylene bisacrylamide as cross-linker
and T M E D A as accelerator was unsuccessful, even after prolonged
standing (including warming).
However, using a 1/1 mixture of monomer 5 and acrylamide, and the
same initiator / cross-linker / and accelerator ratios as above, gave a gel
within a few min at room temperature (Scheme 2.3). Unreacted
monomers, initiator, accelerator and cross-linker were removed from the
gel by immersing in a large volume of water for several days (the water
was changed on a daily basis). The gel was observed to swell markedly
during this process, due to absorption of a large volume of water. The
equilibrium water content ( E W C ) of the hydrogel was estimated to be
99.96%.
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The progress of polymer gel formation could be monitored by lH N M R
spectroscopy for samples prepared in an N M R

tube. Complete

consumption of the monomers was confirmed by the disappearance of the
vinyl proton signals at 5.47-6.2 p p m (Figure 2.19). Resonance was
observed at 176 and 178 p p m in the 1 3 C N M R spectrum of the hydrogel
for the two types of amide carbonyl groups present in the co-polymer
(Figure 2.20).
Because of its high water content ( E W C = 99.96%), the mechanical
strength of the hydrogel 6 is not very high, limiting some of its potential
applications. Preliminary studies aimed at increasing its mechanical
strength have been carried out using an increasing cross-linker N,Nmethylenebisacrylamide / m o n o m e r

ratio. The

pore size of

polyacrylamide gels depends on this ratio. Increasing the proportion of
cross-linker in the synthesis is also expected to reduce the number of
polar hydroxyl groups in the polymer gel and therefore its water uptake
capacity. This expectation was confirmed from polymerization
experiments with increased cross-linker / m o n o m e r ratios (see
Experimental) compared to the 1/5 ratios employed in the initial studies.
These yielded gels with improved mechanical strength and decreased
water uptake (swelling). The jels containing more cross-linker were easy
to handle or cut in to the required sizes.
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2.4.1.

Chiroptical properties of the Hydrogel 6

A sample of the copolymer hydrogel 6 was also prepared in a 1 cm
circular dichroism cell (volume = 3 ml) using 140 m g of monomer 5b, an
equimolar amount of acrylamide and the standard molar ratios of
(NH4)2S20g initiator, cross-linker and accelerator. The gel rapidly filled
the cell and the C D spectrum was recorded. The gel showed a positive C D
band at 290 n m (Figure 2.21), which was very similar in position and
intensity (Ae i_r = 0.02 mol-l d m 3 C m-1) to that observed for the
analogous un-cross-linked polyacrylamide lb. The absence of intense C D
bands for this hydrogel therefore argues against the presence of a
preferred one -handed helical conformation for the polymer chain.
Part B
2.5. Electrochemical Polymerization of Pyrrole with Chiral
Acids
The polymerization of pyrrole was investigated using 0.2 mol d m - 3
pyrrole in the presence of 1 % polyelectrolyte 1 as a counter ion. During
the electropolymerization, the oxidation / reduction peaks increased with
subsequent scans (e.g. Figure 2.22).
Polymerization resulted in the deposition of a black, adherent film on the
working electrode surface. The polymerization process can be represented
by eqn. (2.4).

^NX A' N n
A

H

(where A- = la) (2.4)

Electrochemical polymerization of pyrrole using galvanostatic or
potentiostatic methods in the presence of dopant 4a was successful.
2.5.1. Galvanostatic growth
In this method polymer growth was achieved by using constant current
conditions, with a current density of 1 m A / c m 2 . Figure 2.23 shows a
typical chronopotentiogram for polypyrrole grown in the presence of
polyelectrolyte la.
An initial transient was observed, which was followed by a constant
potential. The transient at the beginning of the polymerization arises from
charging of the double layer or from nucleation. The potential then
decreased and polymer growth continued at constant potential, indicating
that the deposited polymer was conductive.
Cyclic voltammograms were also recorded before and after growth in 0.5
mol d m _ 3 N a N 0 3 as supporting electrolyte. For example, Figure 2.24
shows a typical growth of polypyrrole, the two oxidation and reduction
regions (1 and 2) for these new polymers being associated with the redox
process in eqn (2.5). That is, these peaks (Ep(a)= -0.30v, Ep(C)= -0.41v)
are associated with cation expulsion and incorporation.
2.5.2. Potentiostatic Growth
In this method a constant potential of 0.6V (vs Ag/AgCI) was applied.
Figure 2.25 shows the chronoamperogram obtained during polymer
growth. During polymer growth a steadily increasing current was
observed. This indicated that the polymer was conductive and the
resistance of the polymer was low in this polymerization period. A n
increase in resistance at constant potential would decrease the current.
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Cyclic voltammograms were also recorded after growth in 0.5 mol d m - 3
N a N 0 3 as supporting electrolyte. For example, Figure 2.26 shows a well
defined cv of electroactive polypyrrole, the two oxidation and reduction
regions (1 and 2) for these new polymers being associated with the redox
process in eqn (2.5). A s explained above the cv grown by this
potentiostatic method is similar to that grown galvanostatically. That is,
these peaks are associated with cation incorporation and expulsion.
However the chirality of this new polymer could not be determined, as the
polymer grown on ITO glasses did not show C D band.
+

'A

\K1/ ^ N n
N
I

o

n

ox

i
H
n

H

(2.5)

2.6. Electrochemical Polymerization of Aniline with Novel
Chiral Acids
The electropolymerization of aniline in the presence of a wide range of
acids (e.g. HCl, HBr, H P T S A, H B F 4 and HCIO4) has been reported in the
literature. It is generally accepted that acidic conditions (pH 0-3) are
necessary in order to successfully carry out such electropolymerization of
aniline.
The new chiral monomers and polymers synthesised in Part A of this
Chapter

were

examined

as potential

dopant

acids

in the

electropolymerization of aniline. However, they were apparently not
sufficiently acidic to permit convenient polymerization; since no green
polymer deposited on the working electrode during any of the
polymerizations examined (see Experimental section 2.2.14). However,
cyclic voltammograms performed during the electropolymerizations did

show oxidation / reduction peaks (e.g. Figure 2.27). Addition of a few
drops of 1 mol d m - 3 H C l to the later polymerization systems in order to
lower the p H resulted in the formation of a precipitate in the reaction
vessel. Therefore, further polymerization studies, such as growing
polyaniline on ITO-coated glass electrode in order to obtain C D spectra,
could not be carried out.
2.7. Acid Doping of Emeraldine Base with Novel Chiral
M o n o m e r s and Polymers
A s described later in Chapter 3 (see Scheme 3.1), optically active
polyaniline salts can be generated in solution by the doping of emeraldine
base with (+)- or (-)- camphorsulfonic acid [223], and their chiroptical
properties established by circular dichroism ( C D ) and uv-visible
spectroscopic studies. The possibility of similiarly doping emeraldine base
(EB) with the novel, chiral monomers and polymers synthesised above
was therefore explored. In these experiments solid E B was mixed with
soli 1, 4 and 5 in separate experiments and shaken in D M F solvent before
filtering and recording the C D and uv-visible spectra (see Experimental).
However, only in the case of the monomer 5 did the solution turn from
blue to green, which is the characteristic of protonation/doping of the
emeraldine base to generate a polyaniline salt (equation 2.1). Polyaniline
salt formation with m o n o m e r 5 was confirmed by the disappearence of
the characteristic E B peak at ca. 630 n m and its replacement by a localised
polaron band at 725 n m ( which is similar to the reported [223] visible
band of the k n o w n PAn. (+)-HCSA salt). The circular dichroism spectrum
of the doped solution (Figure 2.28) confirmed that an optically active
polyaniline salt had been produced, possibly via the adoption of a helical
conformation by the polyaniline chain. The formation of an optically
active polyaniline salt via incorporation of 5 is consistent with our

previous hypothesis [203] for the origin of the macrosymmetry of the
polyaniline chains in PAn. (+)-HCSA and P A n . (-)-HCSA salts (see
Scheme 3.2, Chapter 3), since the anion of 3 (like CSA") contains both an
S O 3 - group for electrostatic bonding and a carbonyl oxygen for Hbonding.
In contrast, addition of 1 and 4 did not dope the EB, as shown by the
retention of the blue colour of E B and the fact that the uv-visible
spectrum did not change. This was supported by the C D spectra of the
later reaction mixtures, in which no C D bands were observed in both
cases. The possible explanation could be the presence of a zwitterion in 1,
therefore restricting salt formation; while in the case of the polymer 4,
the bulky nature of the polymer chain m a y sterically hinder the salt
formation.

2.8. Conclusions
Novel chiral acrylamides incorporating both a sulfonic acid substituent
and a chiral auxiliary can be prepared via two high-yield steps from (1S)(+)-10-camphorsulfonic acid. Free radical ( A I B N or a m m o n i u m
persulfate) polymerization of these acrylamides provide high yields (809 0 % ) of novel, water-soluble polyacrylamides. These polyacrylamides
are unusual in that they possess both optical activity and polyelectrolyte
behaviour. T h e presence of the chiral auxiliary in the m o n o m e r
precursors leads to moderate (ca. 6 5 % ) isotacticity in the resultant
polyacrylamides. However, circular dichroism studies indicated that the
chiral auxiliary does not induce and /or maintain macrosymmetry in the
polyacrylamide chains. Co-polymerization of the chiral acrylamides with
acrylamide and A^iV-methylenebisacrylamide as a cross-linker provides
novel chiral hydrogels with very high equivalent water content (99.96%).
The electrochemical syntheses of new polyaniline and polypyrrole salts
were subsequently carried out in which the above mentioned monomers
and polyelectrolyte were incorporated as a counterion. However, attempts
to synthesise polyaniline salts incorporating the above monomers or
polyelectrolyte were unsuccessful. This was probably due to the
unsuitable p H conditions, since in order to grow polyaniline salts
electrochemically, the p H of the reaction solution should normally be in
the range 0-2.
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CHAPTER 3
FACTORS INFLUENCING THE CHIROPTICAL
PROPERTIES OF CHIRAL POLYANILINE.
3.1. INTRODUCTION
In this Chapter, the influence of the following factors on the
macroasymmetry / conformation of the chiral emeraldine salt PAn.(+)H C S A , formed via the acid doping of E B with (+)-camphorsulfonic acid
in solution, is explored using C D and uv-visible spectroscopy:
(i) the nature of the solvent,
(ii)

the presence or absence of an inert (argon) atmosphere,

(iii) the m o d e of mixing of the E B and dopant (+)-HCS A reagents,
(iv) the concentration of EB and dopant (+)-HCS A,
(v) the molecular weight of the polyaniline,
(vi) the age of the solution.
In each case, samples were examined over an extended period of time to
look for any changes in chiroptical properties with time.
In addition, the chiroptical ( C D and uv-visible spectral) properties of
optically active E B . (+)-HCSA films spun-cast onto glass or quartz from
various solvents were examined and compared with the in situ EB.(+)H C S A species prepared above.
T h e doping of emeraldine base (EB) with protonic acids such as HCl,
H C I O 4 , H O Ac, etc. to give emeraldine salts (EB.HA) has been long
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established in the literature [162, 186, 188]. In a recent study of the
related optically active EB.(+)-HCSA polymer, the use of various solvents
during the acid doping showed dramatic changes in the conformation of
the chiral polymer, which was quite evident from their C D and uv-visible
spectra.

As a preliminary study the uv-visible spectra of solutions of EB alone i
various solvents (under argon) were also examined over, an extended
period of time in order to establish its stability under the above
conditions.

3.2. EXPERIMENTAL
3.2.1. Reagents
Chloroform, dimethyl formamide, dimethylsulfoxide, N-methylpyrrolidinone and (+)-camphor-10-sulfonic acid ( H C S A ) were purchased in the
purest grades available from Aldrich and used as supplied. Acetone and
methanol were analytical grade (Aldrich), while the tetrahydrofuran used
for extracting the low molecular weight fraction of emeraldine base (EB)
was distilled over sodium and benzophenone immediately prior to use.
The doping studies were carried out on emeraldine base samples
synthesised by two different methods; firstly a sample with M

w

= 18,000

Daltons prepared by a modified literature method [108] and, secondly, a
sample with M w = 14,000 Daltons made by a procedure recently reported
by the MacDiarmid et al. [220]
3.2.2

Preparation of Emeraldine Base ( E B )

Emeraldine base powder was synthesised as a dark blue/black powder
using a literature method [108].
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3.2.2.1.

Method A

Aniline (10 ml) distilled under reduced pressure was dissolved in 600
of 1 mol d m - 3 H C l and cooled to 5 °C. Under vigorous stirring, a
solution of 5.6 g of (NH4)2S20s in 200 ml of 1 mol dnr3 HCl was added
dropwise and the temperature kept constant at 4-5 °C. The addition took
0.5 hr (lit. 15 min). After 3 hrs the precipitate of EB. H C l was collected
on a Buchner funnel and washed with 4 portions of 100 ml of 1 mol dm - 3
H C L The precipitate was transferred to a beaker containing 400 ml of 1
mol d m "3 H C l and the mixture stirred for 4 hr at room temperature. The
solid product was collected by filtration and dried under vacuum over
silica gel for 36 hr. This yielded 3.36 g of hard chips of emeraldine
hydrochloride.

A sample of the EB.HC1 (3 g) was ground to a powder and converted int
the base form (EB) by stirring in 500 ml of 0.1 mol dm" 3 N H 4 O H for 3
hr with vigorous stirring at room temperature. The base powder was
collected by filtration and dried under dynamic vacuum for 24 hr over
silica gel. The resultant 1.3 g of dark blue /black, shiny powder was kept
in a dessicator for further use.
Gel permeation chromatography (GPC) of this E B sample in N M P solvent
was carried out by collaborators in Prof. MacDiarmid's laboratory in the
Chemistry Department at the University of Pennsylvania, U S A , revealing
aweight-average molecular weight, M w , of 18,000 Daltons. .
3.2.2.2. Method B
This synthesis was carried out by the candidate during an exchange period
spent in the laboratories of Prof. A. MacDiarmid in the Chemistry
Department, University of Pennsylvania, U S A .
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Part A: A pre-cooled (NH)4 S 2 O 8 solution in 1 mol d m - 3 hydrochloric
acid was added slowly with stirring to a pre-cooled (1°C) solution of
aniline (distilled under reduced pressure) in 1 mol d m - 3 H C l in an ice
bath. The stirring was continued for a further 2 hrs at below 5 °C. The
precipitate was then collected by filtration and washed with 1 mol d m - 3
H C l until the filtrate was colorless. During this entire process the liquid
level was contantly adjusted so that it remained above the top of the
precipitate (to prevent cracking). The precipitate was then dried under
suction for 10 minutes.
Part B: The above cake of emeraldine hydrochloride was suspended with
constant stirring in 0.1 mol d m - 3 N H 4 O H solution (pH < 9) for 15 hrs.
The powder was collected by filtration under suction. Washing was
carried out by placing the precipitate in a beaker containing 0.1 mol dm~3
N H 4 O H and making a paste with a spatula. This was then diluted by the
addition of further N H 4 O H solution with strong stirring for 30 min. The
resulting uniform suspension was collected under suction and dried for 30
min. This partially dried emeraldine base product was further dried under
dynamic vacuum for 48 hrs and kept in a dessicator for further studies.
Gel permeation chromatography was carried out on the THF-soluble
component of the above emeraldine base and also in N M P , in which latter
solvent the polymer was completely soluble. The THF-soluble oligomers
showed a weight-average molecular weight of M

w

= 5,800 Daltons, while

the N M P solution of the polymer showed a molecular weight of M

w

=

14,000.
Emeraldine base prepared by Method A was employed for the
experiments in Sections 3.2.2 -3.2.3 below, while Method B-prepared E B
was used in the experiments described in Sections 3.2.4 - 3.2.7. The use of
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both types of E B in Section 3.2.3 allowed a direct comparison between the
two samples (A and B ) of emeraldine base.
Apart from the experiments described in section 3.2.6, a common mode
of mixing the reactants was employed in the doping experiments below.
This involved adding the appropriate solvent to a mixture of solid E B and
(+)-HCSA.
3.2.3. Time dependence of the uv-visible spectrum of EB
under argon in various solvents
Procedure

1-1.2 mg of EB (Sample A) was stirred for 20 min under argon in 10 ml
of the appropriate solvent (CHCI3, N M P , D M F and D M S O ) , then filtered
through a 0.5|i (nylon) filter using a syringe. For each filtered solution,
the uv-visible spectrum was recorded at various time intervals (e.g.
immediately, after 30 min, lhr, 2hr, 4hr, 24hr and 48hrs). All the
samples were taken separately from the initial stock solution, except for
the immediate and 30 min samples, which were the same solution left in
the uv-visible cell.
3.2.4.

C D and uv-visible spectra of PAn.(+)-HCSA formed

via doping E B with (+)-HCSA under argon
Procedure
Solid EB(1.5 m g ) (from Method A ) and (-t-)-HCSA (35 m g ) were mixed
and (in separate experiments) 10 ml of the following solvents added under
argon: chloroform, N-methylpyrolidinone, dimethylformamide and
dimethylsulfoxide. The mixture was stirred for 20 min and filtered
through a 0.5 M- filter using a syringe.
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The uv-visible and C D spectra of the above filtered solutions were then
obtained at the following time intervals: 0.5, 1, 2, 4, 24 and (in some
cases) 48 hrs (see Figures 3.land 3.2). All samples were taken separately
from the initial stock solution, except for the immediate and 30 min
samples, which were the same solution left in the C D cell.
These doping experiments were repeated using E B prepared by Method B
(1.2 m g ) and (+)-HCSA (23 m g ) using the solvents CHCI3, N M P and

DMF.
3.2.5.

C D and uv-visible spectra of P A n . (+)-HCSA formed

via doping E B with (+)-HCSA in air
The doping experiments in Section 3.2.4 were repeated, but were
performed in air rather than under argon:
Procedure
1-1.3 m g of E B (from Method B) and 23 m g of (+)-HCSA were stirred
for 20 min in 10 ml of each of the following solvents: CHCI3, D M F ,
D M S O and T H F . The mixtures were then filtered through Whatman no.
41 filter paper and the C D and uv-visible spectra of the solutions obtained
at the following time intervals: 20 min, 4 hrs and 24 hrs.
3.2.6.

Extended time dependence of the C D and uv-visible

spectra of PAn.(+)-HCSA in air
In order to examine possible conformational changes for the chiral
PAn.(+)-HCSA salts in solution after long periods of time, the doping
experiments described in section 3.2.4 above were repeated in the solvents
C H C I 3 , N M P , D M F and D M S O ( N M P was employed instead of T H F
because of its superior solubilisation of EB). The mixtures were then
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filtered through Whatman filter paper no. 41 and the C D and uv-visible
spectra of each solution recorded over a long time interval (from
immediately to several weeks, or until no further change occurred in the
C D bands).
3.2.7.
on

Influence of m o d e of mixing of E B and (+)-HCSA

the chiroptical properties of the P A n . ( + ) - H C S A

salts

formed
In contrast to the doping studies in Sections 3.2.3 - 3.2.5 above, the
doping of E B with (+)-HCS A was also studied by an alternative method in
which E B was first dissolved in the appropriate solvent before addition of
the (+)-HCSA.
Procedure
E B (ca. 1 m g ) (from Method B ) was shaken vigorously for 15 min in 10
ml of each of the solvents CHCI3, N M P . Solid (+)-HCSA (23 m g ) was
then added (giving [HCSA] = 0.01 mol dm" 3 ) and the mixture was stirred
for 20 min. The mixture was then filtered and the C D and uv-visible
spectra of the clear solutions obtained at various time intervals, as above.
3.2.8.

CD

and uv-visible spectra of PAn.(+)-HCSA salts

obtained by doping E B of different molecular weights
Procedure
Emeraldine base (EB) fractions of various molecular weights were
obtained by extracting E B (prepared by Method B ) sequentially with a
range of solvents. The lowest molecular weight fraction was obtained by
shaking E B vigorously for 30 min with methanol. After filtration, solid
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(+)-HCSA was added to the filtrate and the C D and uv-visible spectra of
the PAn.(+)-HCSA formed in situ were recorded.

Similar extractions of the residue (and subsequent doping with (
were then sequentially carried out using T H F and D M F solvents, and the
C D and uv-visible spectra of the PAn. (+)-HCSA salts formed again
recorded for these solutions. Finally, the C D and uv-visible spectra were
recorded for the residue remaining at the end of the above series of
extractions, by dissolving this high molecular weight fraction in N M P
solvent.
3.2.9.

C D and uv-visible spectra of PAn.(+)-HCSA films

spun cast from CHCI3, m-cresol and

1,1,1,3,3,3-hexafluoro-

propanol and D M S O solvents
Procedure for Spin Casting
E B (0.1-0.12 g) (Method B) and (+)-HCSA (0.123-0.128 g) were stirred
in 10 ml of the above mentioned solvents for 2 hrs, then filtered through
a 0.5 \i filter using a syringe. A few drops of these solutions were
deposited onto a quartz or glass slide using a spin-caster under the
following conditions: R P M 3000 for one min for CHCI3 and 1,1,1,3,3,3 hexaflouropropanol solvents; R P M 1000 with heat (for drying) in the case
of m-cresol and D M S O solvents.The spun-cast films were then used to
obtain C D and uv-visible spectra.
3.3. RESULTS AND DISCUSSION
3.3.1. Stability of EB solutions
The uv-visible spectra of solutions of E B in various solvents (CHCI3,
N M P , D M F and D M S O ) , prepared under an argon atmosphere as

117

described in Section 3.2.2 above, were recorded over a period of two
days. The initial spectra in each case showed the characteristic absorption
band for E B near 600 nm. This band has been assigned [221] to a charge
transfer exciton-like transition from the H O M O on the benzene ring to the
L U M O on the quinoid rings of EB. However, its ^ m a x varied somewhat
with solvent, changing from 570 n m in CHC13 to 642 n m in N M P (Table
3.1). This red shift (A = 72 n m ) suggests an increase in conjugation length
for the polyaniline chain in D M S O compared to CHC13. Similar solvent
dependence of the uv-visible spectrum of E B has been reported previously
by others [ 222].
laoie 3.1 Aosorption Da nas tor Jb±s in various
Solvent

^ m a x (nm)

CHCI3

570, 325

DMF

630,328

DMSO

640, 330

NMP

642, 330

In D M S O and N M P as solvent, the absorption spectra did not change
over 48 hr (eg. Figure 3.1). Similarly in D M F as solvent, only small
changes in the absorption spectrum of the E B were observed with time
(over 48 hrs) (Figure 3.2). This indicates that E B is stable for long
periods under argon in these solvents and does not undergo significant
conformational changes.
In C H C I 3 the uv-visible spectrum of E B also underwent only minor
changes for the first 4 hr. However, significant changes occurred over the
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next 48 hr, including a decrease in the band at ca. 570 nm. The cause of
these spectral changes is uncertain at present. MacDiarmid et al have also
reported changes in the uv-visible spectrum of E B with time, in C H C I 3
solvent in air (see later).
3.3.2 Influence of various factors on the chiroptical
properties of PAn.(+)-HCSA m a d e via the in situ doping of E B
with ( + ) - H C S A

It has been recently shown [223] in our laboratories that optically act
PAn. H C S A salts can be generated in solution via the doping of E B with
(+)- or (-)-HCSA in various solvents. In these published studies, the
PAn.(+)-HCSA and PAn.(-)-HCSA were prepared by adding a solution of
the chiral acid in the appropriate solvent to solid E B and filtering the
mixture after vigorous shaking.

In all except one of the doping studies carried out in this thesis, a s
mixing procedure was employed. However, in one instance an alternative
mixing procedure was examined (Section 3.2.7). Unless otherwise stated,
an argon atmosphere was maintained during each of the doping reactions.

In each case a green solution, characteristic of protonation / doping o
emeraldine base to give the PAn.(+)-HCSA salt 1 was rapidly formed
(Scheme 3.1). Salt formation was confirmed by the disappearance of the
characteristic E B absorption band at ca. 630 n m and its replacement by a
localised polaron band in the region 700 - 810 nm.
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"O-O-O-s-O-s*
emeraldine base
+HA

emeraldine salt 1
S c h e m e 3.1
Analogous doping procedures carried out separately on E B prepared by
Method A (Section 3.3.2.1 and 3.3.2.3) and Method B (Section 3.3.2.2
and 3.3.2.4) generated very similar C D and uv-visible spectra. Samples A
and B can therefore be regarded as effectively identical in their
chiroptical behaviour.
The influence of the following factors on the chiroptical properties of the
PAn.(+)-HCSA salt 1 formed in these doping reactions was then
examined:
(i) solvent,
(ii) molecular weight of EB,
(iii) presence or absence of an inert (argon) atmosphere,
(iv) mode of mixing of EB and (+)-HCSA,
(v) concentration of EB and (+)-HCS A.

1

3.3.2.1.

Influence of solvent (under argon)

The influence of various solvents on the induction of optical activit
PAn. (+)-HCSA salts 1 generated via the doping reaction in Scheme 3.1
was examined using an argon atmosphere.
In each case, the circular dichroism (CD) spectrum recorded 20 min after
mixing revealed three bands at ca. 340, 405 and 460 n m (Figures 3.3, 3.5,
3.7 and 3.9). The position of these bands were insensitive to the nature of
the solvent, varying by < 5 n m as the solvent was changed along the series
C H C I 3 , D M F , D M S O , N M P . These C D bands are believed to be exciton
coupled bands associated with 71—7t* absorption bands observed in the
corresponding uv-visible spectra at ca. 350 and 440 n m (Figures 3.4, 3.6,
3.8 and 3.10).
Each of the C D spectra at 20 min also showed the presence of a band
commencing above ca. 550 nm. The m a x i m u m of these latter C D bands
could not be determined, due to instrumentation limitations arising from
the strong absorption at these higher wavelengths. However, they are
undoubtedly associated with the localised polaron band observed in the
uv-visible spectra in the region 700 - 750 n m depending on solvent
(Figures 3.4, 3.6, 3.8, and 3.10, Table 3.2). The large red shift (ca. 50
n m ) in A-max for this localised polaron band on changing solvent from
CHCI3

to D M F

m a y be associated with a change in polymer

conformation, with a longer conjugation length in D M F and D M S O
solvents.
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Table 3.2. Uv-visible spectra of PAn. (+)-HCSA in various solvents under
argon ([HCSA] = 0.1 mol dm-3).
Solvent

^max (nm)

CHCI3

702, 442, 362

NMP

710,440,350

DMSO

735,440,350

DMF

755,440, 335

Most significantly, the C D spectra of the PAn. (+)-HCSA salts generated
in C H C I 3 and N M P solvents (Figures 3.3 and 3.9) are seen to have the
opposite signs to those formed in D M F and D M S O (Figures 3.5 and 3.7).
This indicates that the polymers produced in these two groups of solvents
have the opposite configurations for their polymer chains (the positive C D
band associated with the (+)-CSA_ anion in each salt appears at 290 nm,
outside the range of our measurements). The reason for these inverse
configurations is uncertain. However, they m a y be due to different
molecular weight fractions of the original E B dissolving during acid
doping in the different solvents. Almost all the E B dissolves in N M P and
to a lesser extent in CHCI3, suggesting that higher molecular weight
fractions are present in these solvents compared to D M F , in which only
lower molecular weight fractions of E B dissolve (see section 3.3.2.5
below).

1

Changes with Time
The CD spectra of the PAn. (+)-HCSA salt generated in DMF and DMSO
solvents changed only slightly over 4 hr. However, after 24 - 48 hr an
increase in intensity of the C D band at ca. 460 n m occurred, together with
a decrease in intensity of the high wavelength band above 550 n m
(Figures 3.5 and 3.7). The decrease in intensity of the latter C D band in
D M F was associated with only a small change in the corresponding
localised polaron absorption band at 755 n m (Figure 3.6).
In contrast, in N M P solvent the intensity of the exciton coupled C D bands
of PAn. (+)-HCSA at 340, 405 and 454 n m increased very markedly over
a 4 hr period (Figure 3.9). A further small increase in intensity occurred
up to 24 hr, but the C D spectrum then remained essentially constant over
4 days. While these low wavelength exciton coupled C D bands increased
in intensity, the C D band beyond 550 n m decreased markedly in intensity.
This decrease is due to the large red shift of the associated localised
polaron absorption band from 710 to 780 n m over a 48 hr period (Figure
3.10, Table 3.3).
Similarly, the intensity of the C D spectrum of PAn. (+)-HCSA generated
in C H C I 3 solvent increased markedly over 48 hr, being only quite weak
after 20 min (Figure 3.3). The change in the C D spectrum was again
accompanied by a large red shift of the localised polaron absorption band
in the uv-visible spectrum from 702 to 750 n m (Figure 3.4, Table 3.3).
Similar changes in the uv-visible spectrum of PAn. (+)-HCSA in C H C I 3
with time (albeit in air) have been reported by MacDiarmid et al [224]
(Xmax

for localised polaron band shifting from 730 to 810 n m over 72

hr). O n the basis of parallel gel permeation chromatography studies, they
ascribed these changes in the absorption spectra to slow disentangling of

1

aggregates of high molecular weight clusters. Similar rearrangements
may therefore be responsible for the changes in the C D spectrum of PAn.
(+)-HCS A in CHCI3 with time.

Table 3.3. Changes in the localised polaron band of PAn. (-t-)-H
time in various soIvents ([HCSA] = 0.1 mol dm-3).

Xmax (nm)
Atmosphere

Argon

Air

A (nm)

Solvent

20min

4hr

48hr

702

719

750

48

NMP

710

760

780 .

70

DMF

755

755

_

CHCI3

732

750

18

NMP

780*

810©

30

CHCI3

741

*24hr
0 when the E B was dissolved in N M P prior to adding the (+)-HCSA, this
band occurred at 713 nm.
3.3.2.2.

Influence of Air

The above doping experiments were repeated in air for N M P and CHCI3
as solvents, in order to determine the influence (if any) of air on the
induction of optical activity in reaction (1).
Interestingly, the C D spectrum for PAn. (+)-HCSA generated in N M P in
air (Figure 3.11) was the mirror image of that obtained earlier by
analogous doping under an inert argon atmosphere (Figure 3.9). This

1

indicates that inverse configurations are adopted by the polyaniline chain
of salt 1 under air or argon atmospheres.
In contrast, the C D bands observed in air for salt 1 in C H C I 3 (Figure
3.13) have the same sign as those observed under argon (Figure 3.3). This
indicates that the configuration of the polyaniline salt 1 obtained in C H C I 3
is not influenced by the presence or absence of an inert atmosphere. A
similar conclusion is reached for optically active salts 1 generated by
doping E B in D M F and D M S O solvents, by comparison of the C D spectra
in Figures 3.5 and 3.7 with C D spectra obtained previously by M . R.
Majidi (Ph.D Thesis, University of Wollongong 1996) in air.
The reason for the exceptional behaviour in NMP is uncertain. The
striking dependence of the optical activity on the nature of the atmosphere
employed in N M P suggests that perhaps oxygen in the air converts the E B
substrate into a different form to that present under an inert argon
atmosphere. Small changes in the uv-visible spectrum of E B in N M P
under argon and air are observed (A, m a x = 780 n m in argon and 810 n m
in air). Particularly significant is the m u c h higher wavelength of the
localised polaron band observed for salt 1 soon (20 min) after doping in
air (780 n m ) (Figure 3.12) compared to the band at 710 n m generated
under argon (Table 3.3). This marked red shift caused by air suggests a
significant change in the structure of the polyaniline chain, that m a y lead
to a different configuration being favoured in its interaction with (+)HCSA.
The exceptional behaviour in N M P solvent m a y be also associated with the
presence in this solvent of higher molecular weight fractions of E B , not
solubilised in the other solvents (see Section 3.3.2.5 below).

1

Changes with Time
In both N M P and C H C I 3 solvents, significant changes in the C D spectra of
salts 1 occurred with time in air.
In NMP, the intensity of the 460 nm band increased a little over 24 hr,
while the 400 and 360 n m C D bands underwent a small decrease (Figure
3.11). During the same period, the C D band at > 560 n m disappeared.
These changes were accompanied by a shift in the localised polaron band
in the uv-visible spectrum from 780 to 810 n m (Figure 3.12, Table 3.3).
A C D spectrum recorded at 48 hr was almost identical to that measured at
24 hr. However, over the next 10 days a slow general decrease in the
intensity of all the C D bands occurred (Figure 3.11). These latter spectral
changes exhibited clean isodichroic points at 355 and 440 nm, indicating
that only two species or conformations are interconverting.
In contrast, the C D spectrum of PAn. (+)-HCSA generated in C H C I 3
solvent in air showed a continual increase in intensity of all C D bands
over a 7 week period (Figure 3.13). Interestingly, the sequential C D
spectra again passed through two isodichroic points at ca. 355 and 440
nm. This suggests that a conversion between the same two species or
conformations is being monitored as in N M P above, but in the opposite
direction. The uv-visible spectrum of the PAn. (+)-HCSA salt in C H C I 3
revealed only a small red shift (18 n m ) in the localised polaron band over
a 72 hr period.
This explains why, in contrast to the observations in other solvents in air
and argon, a continual increase in intensity of the C D band at > 560 n m
occurred.
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3.3.2.3.

Influence of M o d e of Mixing of E B and (+)-HCSA.

In this study, carried out in air, an alternative mode of mixing of th
reagents was employed. This involved first dissolving the E B in the
appropriate solvent (CHCI3 or N M P ) , before adding solid (-t-)-HCSA
which was dissolved by stirring to give [HCSA] = 0.1 mol dm _ 3.
The C D (Figure 3.14) and uv-visible spectra recorded in CHCI3 solvent
were very similar to those measured previously (Section 3.3.2.2.) using
the standard mixing procedure. However, the C D spectrum in N M P
solvent (Figure 3.15) was the mirror image of that generated earlier by
the standard mixing procedure (Figure 3.11). Therefore, polyaniline salts
1 of opposite configuration have been generated in the two cases.
This observation highlights once again the special nature of N M P solvent
in terms of the sensitivity of the C D spectrum to changes in preparative
conditions (atmosphere and mixing mode). It is interesting that in both
cases (argon atmosphere and reverse mixing of reagents) in which a C D
spectrum with a negative C D band at 455 n m was generated, the initial
(20 min) absorption spectrum in N M P showed a localised polaron band at
ca. 710 n m (Table 3.3). This suggests that it is the particular polyaniline
species / configuration generating this 710 n m band that is responsible for
the inverted C D spectrum. Further studies will be necessory to elucidate
the nature of this species.
In both CHCI3 and N M P solvents, a substantial increase in the intensity of
the characteristic C D band at ca. 460 n m occurred at 24 hr.

1

3.3.2.4.

Influence of E B and (+)-HCSA

Concentrations

The effect of the polymer and (+)-HCSA concentrations on the chiroptic
properties of salt 1 formed via doping E B with (+)-HCSA was studied in
D M S O solvent. These studies were carried out with the assistance of Dr.
M . R. Majidi in our laboratories.

Successive dilution (by factors of 2,4,8 and 16 of an optically active
(+)-HCSA solution generated in 0.01 mol dm" 3 (+)-HCSA, caused both the
uv-visible (Figure 3.16) and C D (Figure 3.17) spectra to decrease in
intensity in accord with Beer's law. This confirms that the absorption
bands and their associated C D signals arise from essentially interchain
excitations. If any of the absorption bands were due to interchain
interactions, then one would have expected a significant decrease in their
extinction coefficient upon dilution . Similar conclusions were reached by
MacDiarmid et al [225] for PAn. H A ( H A = HCl, H C I O 4 or H O Ac) salts.
These dilution results also suggest that aggregate formation is not a
critical feature for the induction of the optical activity in the PAn. (+)H C S A salts at the concentrations employed in this study.
The concentration of (+)-HCSA employed in the doping reaction also has
only a minor effect upon the C D and uv-visible spectra of the PAn. (+)H C S A salt formed in D M S O . The m a x i m u m C D intensity is seen from
Figure 3.18 to be generated at the lowest acid concentration employed
(0.001 mol d m _ 3 ) , with the intensity of the C D signals decreasing from
0.01-1.0 mol d m _ 3 . Very similar uv-visible spectra were also observed
for each of these dopant acid concentrations, with only minor changes
occurring in the position (774 ± 6 n m ) and intensity (Abs = 1.26 ± 0.04)
of the localised polaron band.
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3.3.2.5.

Influence of Polymer Molecular Weight

The influence of the polymer molecular weight on the generation of
optical activity in PAn. (+)-HCSA salts was examined in air using
tetramer and sixteen-omer analogs of E B provided by Prof. A.
MacDiarmid, as well as E B samples of molecular weight between 3,000
and 14,000 Daltons (obtained via sequential extraction of E B with M e O H ,
T H F , D M F and N M P - see Experimental).
Addition of (+)-HCSA (0.001 - 0.01) mol dm-3) to a dilute solution of
each of the E B samples and the smaller aniline oligomers in N M P solvent
rapidly generated the green colour and charateristic uv-visible spectrum
of the polyaniline salt 1. For example, Figures 3.19 and 3.20 show the uvvisible spectra of 1.1 x 10"4 mol dm" 3 solutions of the aniline tetramer
and sixteen-omer, respectively, doped with 1.0 x 10~3 mol d m - 3 (+)H C S A in CHCI3. Interestingly, the localised polaron absorption band at
865 n m for these oligomer salts is at considerably higher wavelength than
that observed for the polyaniline salt 1 in CHCI3 (732 n m in air, Table
3.3). (Note: the weak shoulders observed at ca. 600 n m are probably due
to a small amount of undoped E B oligomer present at the low [HCSA]
employed.
Significantly, only in the case of E B substrates with M

w

> 14,000 Daltons

did the salt formed exhibit optical activity (Figure 3.9). The failure of the
aniline oligomers and the lower molecular weight E B substrates to form
optically active salts argues strongly against our earlier hypothesis [223]
(Scheme 3.2) for the origin of the induced optical activity observed in the
doping of E B with H C S A . This hypothesis rationalised the observed
macro asymmetry of the polyaniline salts 1 so generated in terms of the
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polyaniline chain adopting a preferred one-sense helical screw maintained
by dopant (+) - or (-) - C S A - anions via electrostatic and H - bonding.

r-so3 'UtkZL. _^2
Loo-"Hi*^l^_„_ J Z^
^HiViC-'
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L-C-o ••-- HT^l.

^

|—S0 3

^

r—S0 3

•HMs^""

L-oo---HN^L^__^^:

JH----Q-C-

S c h e m e 3.2
The molecular weight dependence observed here suggests that another
possible origin of the induced optical activity is either (i) intermolecular
folding of single polyaniline chains in an asymmetric "compact coil"
conformation facilitated by the chiral C S A " anions, or (ii) the asymmetric
aggregation of separate chains to produce, for example, a super coil.
Either of these two alternative mechanisms are consistent with other
observations in our laboratories (M. R. Majidi, Ph.D Thesis, University
of Wollongong., 1996; I.D.Norris, unpublished results) that bulky
substituents (eg. methyl, M e O ) on the aniline rings of the polyaniline
hinder the induction of optical activity.
H o w e v e r a further possible reason for failure of methanol-and T H F soluble fractions of E B to generate optically active salt species w h e n
doped with (+)-HCSA is due to specific effects of these solvents rather
than the low molecular weight of these E B fractions. It is possible, for
example, that a planar achiral, transoid conformation of the polyaniline
chains is formed in these latter solvents.

1

3.3.3.

Chiroptical Properties of Spun-Cast

PAn.(+)-HCSA

Films

In addition to the above doping experiments in solution, the chiroptica
properties of films of PAn. (+)-HCSA spun-cast onto glass or quartz
from solutions in C H C I 3 , D M S O , m-cresol and 1,1,1,3,3,3-hexafluoro
propanol were also studied.

The uv-visible spectra of related racemic, spun-cast PAn. (±)-HCSA fil
were reported by MacDiarmid et al recently [226]. O f particular interest
was their report of a dramatic increase in the conductivity of the PAn.
H C S A salt w h e n cast from m-cresol solvent and the characteristic
appearance of a free carrier tail in the near infra-red spectrum of this
particular film. They also reported similar results for the alternative low
boiling and less toxic solvent 1,1,1,3,3,3-hexaflouropropanol. However,
the conductivity of the PAn. (+)-HCSA film spun cast from this solvent
was not as enhanced as that cast from m-cresol.

As a part of a collaborative study with Prof. MacDiarmid, the CD spectr
of related optically active PAn. (+)-HCSA salts-spun cast from the same
solvents have been examined.
Prior to recording the C D spectra in Wollongong, the uv-visible spectra
of these latter films were measured by the candidate in Prof.
MacDiarmid's laboratory, giving similar results to those published [226]
for the racemic analogues. For example, the spin-coated film of PAn. (+)H C S A cast from C H C I 3 onto quartz (Figure 3.21) showed a localised
polaron band at 767 n m andft-ft*transition bands at 440 n m and 358
nm. In contrast, the film of PAn. (-f-)-HCSA cast onto glass (Figure 3.22)
or quartz from m-cresol solvent showed that the localized polaron band
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had almost disappeared and was replaced by a free carrier tail in the nearinfrared region. This suggests a change in conformation for the polymer
chain from a "tight coil" to an "extended coil", as hypothesised by the
MacDiarmid et al [227]. Similar behaviour was found for a PAn. (+)H C S A film spun cast from 1,1,1,3,3,3-hexafluoropropanol (Figure 3.23),
suggesting a similar change in conformation for the polyaniline backbone
in this solvent also.
The CD spectra of the spun-cast PAn. (+)-HCSA films (Figure 3.24 3.26) are unlike those of any previous optically active PAn. (-t-)-HCSA
salts prepared in our laboratories, both in terms of their weak intensity
and the unusual location of their C D bands (ca. 400 and 560 (br) n m ) .
Particularly surprising was the C D spectrum for PAn. (+)-HCSA spuncast from C H C I 3 , which was expected to be similar to a film of salt 1
previously cast evaporatively onto glass from a concentrated solution of
E B in (+)-HCSA/CHCl3 (M.R. Majidi, Ph.D Thesis, University of
Wollongong, 1996). This latter film exhibited typical intense C D bands at
420 and 680 n m . These differences in C D spectra for the differently cast
films are paralleled by a striking differences in their uv-visible spectra. In
particular, the localised polaron band observed at 767 n m for the present
spun-cast film is at m u c h lower wavelength than found for the
evaporatively cast film (830 n m ) . These difference, which presumably
reflect difference in polymer conformation, are probably associated with
the methods used to prepare the concentrated casting solutions in each
case, rather than differences in the casting procedures themselves. In the
present study, a concentrated doped solution of P A n . (+)-HCSA was
prepared by stirring 0.1 g E B with 0.128 g H C S A in 10 m l C H C I 3 for 2
hr (followed by filtering through a 0.5 JJ, filter). In contrast, in the earliar
study by Majidi, sonication was employed to facilitate the formation and
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dissolution of the concentrated PAn. (+)-HCSA solution. Our studies
therefore highlight again the sensitivity of the chiroptical properties of
optically active P A n . (+)-HCSA salts to the preparative conditions
employed.

3.4. Conclusions
The influence of various conditions on the chiroptical properties and
conformations of the polyaniline salt generated by doping E B with (+)H C S A has been established from uv-visible and C D spectroscopic studies
in various solvents such as C H C I 3 , D M F , N M P , D M S O and T H F .
Interestingly, the C D spectrum observed in C H C I 3 changed markedly
over 48 hr to that observed in N M P , indicating a change in polymer
conformation. In contrast, analogous doping reactions in the presence of
argon gave circular dichroism bands (at ca. 340, 405, and 460 n m ) that
were insensitive to the nature of the solvent. It is also significant that no
optical activity was observed when small oligomers of E B (tetramer and
sixteen-omer) were doped with (+)-HCSA in C H C I 3 solvent, indicating
the importance of the molecular weight of the E B substrate. O n the other
hand, the concentration of (+)-HCSA was found to have only a minor
effect on the intensity of the induced optical activity over the range
[ H C S A ] = 0.001-1.0 mol dm-3.
Chemical doping of neutral emeraldine base (EB) with the novel
monomers and polymers derived in Chapter 2 to generate chiral
polyaniline salts was also examined. A green film of optically active
polyaniline salt could be obtained by doping with the chiral acrylamide
m o n o m e r 5b. It is proposed that the polyaniline chain in this chiral
polymer adopts a helical conformation maintained in one hand via Hbonding to the acrylamide (CO) group and ionic bonding to the S O 3 group. In contrast, the monomer 4b and polymer lb do not dope E B ,
presumably because of the presence of a zwitterion structure and steric
hindrence for 4b and lb, respectively.
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Figure 3.1 Uv-visible spectrum of PAn. in NMP from 20 min to 48 hr.
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Figure 3.1a Uv-visible spectrum of PAn. in DMSO
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Figure 3.2 Uv-visible spectrum of PAn. in DMF from 20min to 48 hr.
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Figure 3.13. a. CD spectrum of PAn. (-r)-HCSA in CHCI3 (in air) from 4
hr to 120 hr.
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Figure 3.15. CD spectrum of PAn. (+)-HCSA in NMP (reverse mode of
mixing in air) 20 min (a) 24 hr (b).

150

14.uu

1.00

0.50

300.0

400.0

500.0

400.0

500.0

600.0
700.0
WAVELENGTH C""i

800.0

900.0

1000.0

0.50

0.00
300.0

eoo.o
700 .o
WAVELENGTH C"«i

800,G

908.0

1004.0

Figure 3.16. Uv-visible spectrum of PAn. (+)-HCSA (0.1 mol dm'3)

DMSO (effect ofEB and (+)-HCSA concentration) 20 min (a) 24 hr

3.000

2.000

1.000

xl6

xS
0.000

-1.000

,[V-V\.L,''Y X2

-2.000

-3.0G0
2800

I'W
1

JUV-*I

V

420.0

42Q.0

SqO/U
nm

600.0

Figure 3.17. CD spectrum after dilution (by factors of 2, 4, 8, and 16 o

optically active PAn. (+)-HCSA generated in 0.01 mol dm'3 (-r)-HCSA.

(m&e$f

2.003?

O.CBQ

-2.CCC

-•l.CCC

-n.ccc
38ao
Figure 3.18. CD

420:0

460.0

540.0

6GO.0

spectrum of PAn.(+)-HCSA generated in DMSO

doping EB with different concentration of (+)-HCSA.

via

152

Figure 3.19. Uv-visible spectrum of aniline tetramer doped with (+)•
HCSA

to monitor the influence of polymer molecular weight.

Figure 3.20. Uv-visible spectrum of aniline sixteen-omer doped with (+)
HCSA

to monitor the influence of polymer molecular weight.
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Figure 3.21. Uv-visible spectrum of the spin-coated film of PAn. (+)•
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Figure 3.22. Uv-visible spectrum of the spin-coated film of PAn. (+)•
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Figure 3.23. Uv-visible spectrum of the spin-coated film of PAn. (+)•
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CHAPTER 4
SYNTHESIS AND REACTIONS OF A
POLYVINYL POLYMER BEARING A CHIRAL
2-PHENYL or 2- TERT-BUTYL OXAZOLIDINE5-ONE UNIT
4.1. INTRODUCTION
In this Chapter, an alternative approach to chiral polyelectrolytes is
explored, namely the synthesis of the chiral vinyl momomers 1 (R= Ph,
Bu 1 ) an( j their polymerization to the polyvinyl species 2a and 2b (R=Ph,
Bu 1 ) i n which a chiral 2-phenyl- or 2-tefra-butyloxazolidin-5-one unit is
attached to the polymer chain. These polymers may have potential as
chiral stationary phases for the ligand exchange chromatographic
separation of enantiomeric molecules such as amino acids. Subsequent
acid hydrolysis (eg. with HCl) of 1 might be expected to yield the novel
poly (a-amino acrylic acid) derivative of the type 3, which is a potential
polyelectrolyte.
CH2

ri nca/sX
PhCQN
Rl'"

v

O

Q

,„X> R2

x

H+/

X

/

COOH
^ " v n'"'
y O 1
R*
R2

H

2N

la Rl=Ph, R2=H 2a Rl=Ph, R2=H 3
lb Rl=H, R2=But 2b Rl=H, R2=But

The synthesis of the related vinyl monomer 4, in which the vinyl uni
bears a thiophene substituent, was also examined. Polymerization of
monomers 4 could provide a route to unusual conducting polythiophenes
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with chiral polymeric units attached at the 3-position of the aromatic
heterocyclic ring.

4
4.2. E X P E R I M E N T A L
4.2.1. Reagents
S-Methylcysteine, benzaldehyde, benzoyl chloride, silica gel (Merck 60),
L-alanine, tributylchlorostannane, 3-bromothiophene,

tetrakis

(triphenylphosphine)palladium(0),triethylamine, iodobenzene, acetonitrile, benzene, dichloromethane, acetone, magnesium sulfate, ethyl
acetate, hexane, dimethylformamide, bis(triphenylphosphine) palladium
(II) chloride, n-butyllithium, 3-tributylstannyl thiophene, zinc, palladium
carbon, acetic acid, pivaldehyde, phosphorous pentoxide, sodium sulfite
and sodium bicarbonate were bought from the Aldrich Chemical Co. and
were used as received or otherwise as stated in the Experimental section.
Other solvents and reagents were obtained as summarised in Chapter 2.
4.2.2. Spectroscopic Studies
The solid state ( C P M A S ) 1 3 C N M R spectrum of the polymer 2 (R=Ph)
was measured at the Chemistry Department, University of N S W , using a
Bruker 600 M H z N M R spectrophotometer.
Solution N M R , mass spectra and elemental analyses were determined as
described in Section 2.2.2.
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4.2.3

Synthesis of Vinyl M o n o m e r s

(a) Synthesis of (2R)-3-benzoyI-4-methylene-2-phenyIoxazolidinine-5-one (la, R l = Ph, R 2 = H )

This vinyl monomer was prepared via the following three step sequen

(i) Improved Synthesis of (2R,4S)-3-Benzoyl-4-[(methylthio methyl]phenyloxazolidine-5-one 5
5-Methylcysteine (27g, 0.2 mol) was treated with a solution of sodium
hydroxide (8 g, 0.2 mol in 130 ml H 2 O ) and after 5 min the solution was
evaporated to dryness on a rotary evaporator to leave a white solid. A
solution of benzaldehyde (25.4 g, 0.24 mol) in hexane (300 ml) was added
and the suspension stirred and heated to reflux in a Dean Stark apparatus
(about 5 to 6 ml H 2 O separated after reflux). After refluxing for 24 hr
the reaction mixture was evaporated to dryness. The pale yellow g u m was
then suspended in dry dichloromethane (250 ml) and treated dropwise
with benzoyl chloride (48 g, 0.35 mol) at 0 °C for 3 hr and then at room
temperature for 36 hr. A n aqueous solution of 1 0 % sodium bicarbonate
(100 ml) was added and rapid stirring was continued for several hours.
The organic layer was then separated and dried over magnesium sulfate,
filtered and evaporated. The crude product was purified by
recrystallization (ethyl acetate/hexane), followed by further recrystallisation from ethyl acetate. This gave a pure white, crystalline solid (15.3g).
The mother liquor was crystallised in a similar way to give a further 2.9
g of product m.p. 115-116 °C (Literature, m.p.116.5 °C). (In the
literature the product was separated by column chromatography, which
consumed one kilogram of silica gel and about eight litres of solvent, plus
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eight days of work. The *H N M R spectrum of the product was in full
agreement with that reported in the literature [228].
(ii) Synthesis

of

(2R,4S)-3-Benzoyl-4-methylsulfonyl-2-phenyl

oxazolidine-5-one 6
This compound was obtained by oxidation of the above sulfide (14 g) as
described in the literature [228]. Recrystallisation of the crude product
from dichloromethane with cooling overnight gave 8.7g of the product
(m.p. 169-171 ° C (dec) (Literature, m.p. 170 °C). Further crystallization
of the mother liquor afforded a further 4.6 g (overall yield 13.3 g, 8 8 % )
(In the literature, ethanol was used for the recrystallization. However,
this could react to open the ring resulting in a low yield). The N M R
spectrum of this compound was consistent with that reported in the
literature.
(Hi) Synthesis of (2R)-3-Benzoyl-4-methylene-2-phenyloxazolidine-5-

one (la, R*= Ph, R2=H)
Conversion of 6 to la
The conversion of 6 (9.5 g) to la (R=Ph) was carried out following the
literature procedure [228] , except that the crude product was
recrystallised from ethyl acetate/hexane, to give 8 g of pure product la
(R=Ph) m.p. 116.5 ° C (Literature m.p. 116.5 °C). (In the published
method, the product was obtained by column chromatography). The *H
N M R spectrum of this product was in full agreement with that reported in
literature [228].
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(b)

Synthesis of 3-Benzoyl-4-methylene-2-ter*-butyloxazoli
dine-5-one (lb, R l = H , R 2 = But)

This vinyl monomer was synthesised via an analogous three-step route to
that described above for (la, R * = Ph, R 2 = H )
(i)

(2S, 4S)-3-Benzoyl-4-[(methylthio)methyl]-2-tert-butyloxazolidine
5-one 7

This product was synthesised according to the literature method [228],
except that the crude product was crystallised from ethyl acetate/hexane
rather than by column chromatography, giving a colourless solid (2.35g).
MeS
HIII„)

/

H
2

f w
^
PhCON
X
OH (iijPhCOCl
\<'u
H*° ^ B u t

(ii) 3-Benzoyl-4-[(methylsulfonyl)-2-tert-butyloxazolidine-5-oneS
This product was synthesised according to the literature method [228].

Oxone

PhCON

/0

H-'^Bu.

ci^N
H2

°

PhCON
H

O
^

8
(Hi) 3-Benzoyl-4-methylene-2-tert-butyloxazolidine-5-one lb
A literature method [ ] was again employed to prepare compound lb.
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S0 2 Me
H i-)-

PhCON

CH2

T

p° dbu
I

H^Bu1

•

f

PhCON

CH2C12

H

"

'
But

lb
4.2.4.

Polymerization of Vinyl Monomers

4.2.4.1.

Polymerization of 3-Benzoyl-4-methylene-2-phenyl
oxazolidine-5-one (la, R 1 =Ph, R 2 = H )

The alkene la (200 mg, 0.56 mol dnr 3 ) was dissolved in dry benzene (1
ml) in a stoppered glass tube and the solution purged with argon gas. It
was then frozen (C02/acetone) and degassed. This purging/degassing
sequence was carried out three times, then 2 crystals of A I B N were added
and the sealed tube was immersed in an oil bath at 80°C for 1 hr. The
semi-solid material was cooled and treated with dichloromethane. The
resulting precipitate was filtered onto a sintered glass funnel and washed
with excess dichloromethane in order to remove unreacted starting
material and oligomers. The hard microcrystalline polymer product 2a
was insoluble in a wide range of solvents (yield 18 g, 90 % ) m.p. 260° 300 °C (dec). 1 3 C N M R (solid state): 170-175, broad singlet (CO); 120128, broad (aromatic); 90-95, broad singlet (C2); 60-64 ppm, broad
singlet (Cl7)- Other characterization techniques could not be employed, as
the polymer could not be dissolved in any solvent.
4.2.4.2.

Attempted Hydrolysis of Polymer 2a

All attempts to hydrolyse the novel polymer 2a under acidic or basic
conditions failed, presumably because the polymer did not dissolve in the
acidic or basic media.
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The following conditions were employed in an effort to hydrolysed
polymer 2a:
(i) The polymer 2a was refluxed (lhr to 24 hr) in 2 mol d m - 3 ,
5 mol dm-3 , and 12 mol d m - 3 H C l in three separate experiments. In each
case, filtration resulted in the isolation of the unreacted polymer, which
was confirmed by the solid state *H N M R spectra of the recovered
material. Furthermore, the acidic filtrate did not give any residue.
(ii) In separate experiments, the polymer 2a was refluxed for lhr to 48
hr in 1 0 % , 2 0 % , and 5 0 % aqueous N a O H solution. Filtration of the
cooled reaction mixture again gave unreacted polymer.
4.2.4.3. Polymerization of lb
Similar conditions were employed to those described above for the
polymerization of the phenyloxazolidine analogue la. W o r k up of the
reaction mixture resulted in the isolation of unreacted monomer lb.
Attempted polymerization under different conditions, such as using
thiophenol as an initiator or copolymerization with styrene, also failed.
4.2.5.

Derivatisation of the Vinyl M o n o m e r s (la and lb)

with Phenyl, Thiophenyl and Pyrrolyl Groups.
4.2.5.1.

Attempted

Synthesis

phenylmethyleneoxazolidine-5-one

of

3-Benzoyl-2,4-

10

The attempted synthesis of the derivative 10 via a Heck-type reaction by
treating la with iodobenzene in the presence of PPh3/Et3N and Pd
( O A c ) 2 catalyst in C H 3 C N solvent, first at 80 <>C for 24 hr then 100 o c
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for a further 48 hr, was unsuccessful. Only unreacted starting material
was recovered.

^2

C^YY°

0

PhCON . , 0

iodobenzene
PhCON

O
Ph

H'

Ph

PPh3/Et3N
Pd(OAc)2

10
4.2.5.2.

Attempted

Synthesis

of

3-Benzoyl-4-thiophenyl

methylene-2-phenyloxazolidine-5-one 11

The attempted synthesis of the thiophene-substituted derivative 11 via
analogous Heck reaction of la with 3-bromothiophene at 100 ° C for 7
days was also unsuccessful. Thin layer chromatography and N M R
spectroscopy showed a complex mixtures of products were formed.
CH2
PhCON

O

O

2-bromothiophene

O

PhCON

O

100 °C
H1

Ph

Ph

11
4.2.5.3. Synthesis of 3-Benzoyl-4-(thienylmethylene-2-terfbutyloxazolidine-5-one 12
A solution of the alkene lb (100 m g ) , tetrakis(triphenylphosphine)
palladium(O) (28 m g ) , triethylamine (0.8 ml) and iodobenzene (163 m g )
in acetonitrile (3 ml) was purged with argon in a glass tube. The tube was
sealed and wrapped with aluminium foil and immersed in an oil bath at
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100°C for 72 hr. The reaction mixture was then cooled and filtered. The
filtrate was evaporated to dryness and the residue treated with water and
extracted with dichloromethane. The organic layer was dried over
MgS04

an<

i evaporated after filtration. The residue w a s then

chromatographed over silica gel (Merk 60) using ethyl acetate/hexane (1:
9) initially as eluent, then (3:7) to separate the product (60 m g ) .
Recrystallization from ethyl acetate/hexane afforded 9 m g of pure
product 12 ( 6 % yield). *H N M R (CDC1 3 ) 5 1.09 (s, 9H), 5.96 (s, 1H),
6.44 (s, 1H), 7.0-7.04 (m, 5H), 7.05-7.1 (m, 5H).
Alternatively, D M F was used as solvent and Pd(PPh3)2 CI2 as catalyst. In
the workup the reaction mixture was washed with water (5 times) after
extraction into dichloromethane to remove D M F . This route gave 4 m g of
the product 12 ( 3 % yield).
The above substitution reactions of phenyl were carried out in order to
examine the best method for the substitution of thiophene (because
iodobenzene is commercially available, while compound 13 has to be
synthesised, in order to synthesise the required product 4 a further
characterization of this n e w compound 12 was not carried out, as it is
evident from the N M R spectrum that the required reaction worked well.

CH2
j
PhCON
H

O
\
O

^But

lb

iodobenzene
^

PhCON
H

12

O
^But
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4.2.5.4.

Synthesis

of

3-Benzoyl-4-(3-thienylmethylene)-2-

terf-butyloxazolidine-5-one 4

This thiophene-substituted vinyl monomer was synthesised via the three
step sequence summarised below:
(i) Synthesis of 3-Tributylstannylthiophene 13
To a stirred solution of 3-bromothiophene (12.8 g, 80 mmol) in dry
diethylether (90 ml) at -70 °C under nitrogen was added dropwise
butyllithium (62 ml, 88 m m o l ) in hexane at such a rate that the
temperature did not exceed -70 °C. After this addition, a solution of
tributylchlorostannane 28.6g, 88 mmol) in dry ether (30 ml) was added
and the mixture was stirred at -70 °C for 4 hr. Work up was performed
by adding water and the organic phase was extracted with diethyl ether
(3 x 50 ml). The combined extracts were dried over M g S 0 4 , filtered and
evaporated to give an oil. The product was distilled under reduced
pressure, yielding 14.1 g (50%) of the desired product 13, b.p. 168
oC/1.0 m m Hg. (literature [229] b.p.124 °C/0.6 m m Hg). The lH N M R of
the product was in full agreement with that reported in the literature.

SnBu3

s
13

167

(ii) Synthesis of 3-Benzoyl-4-bromomethylene-2-tert-butyloxazolidine-5one 14
This compound was prepared according to the literature method [230].

PhCON

O

ri But

14

(Hi) Synthesis of 3-Benzoyl-4(-3-thienylmethylene)-2-t-butyloxazolidine
5-one 4
A solution of 3-tributylstannylthiophene (114 mg, 0.39 mmol), Pd
(PPh3)4 (16 m g , 0.029mmol) and 3-benzoyl-4-bromomethylene-2-tbutyl-oxazolidine-5-one (98 m g , 0.29 m m o l ) in D M F (2.5 ml) was
degassed and sealed. The sealed tube was then immersed in an oil bath at
75°C for 80 hr (the reaction was monitored from time to time by tic).
The reaction mixture was then cooled and filtered and the filtrate poured
into water and extracted with dichloromethane. The organic layer was
washed with excess water and then dried over M g S 0 4 . After evaporation
of the solvent, the residue was chromatographed (silica gel, Merk 60)
using 5 % ethyl acetate / hexane as eluent. The first few fractions were
collected and evaporated, to give the colorless, solid product 4. This
contained minor impurities of stannyl bromide, as evident from its N M R
spectrum. The product was further purified by column chromatography,
first by using hexane as eluent to remove stannyl bromide and then 2 0 %
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ethyl acetate / hexane. Evaporation of the latter fraction afforded the
desired pure product 4 (25 m g , 2 6 % yield). A small portion was
recrystallised from ethyl acetate / hexane for elemental analysis. Calcd: C,
66.84; H, 5.61; N, 4.10; Found: C, 66.96; H, 5.66; N, 4.10 %.
lH N M R (CDCI3) 8 1.08 (s, 9H), 5.93 (s, 1H), 6.87 (s, 1H), 7.0-7.12 (m,
5H), 7.20-7.23 (m, 3H) ppm.
Infrared spectra (Nujol mull) v (CO) (carbonyl) 1784 cm-l a n d x> (CO)
(amide) 1675 cm-lMass spectrum (f.a.b) m/z 341 (40% [M]+), 192(55), 149(30), 105(100).

/r \x

,SnBu3
PhCON

X

H*

14
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(I \
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^ c ^
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V
H1

.M^N
"But
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Attempted reduction of 4 to give the corresponding alkyl-substituted
thiophene failed, using the following conditions:
(i) Compound 4 (0.005 mmol) was stirred in a mixture of acetic acid /
diethyl ether (9:1) and activated Z n (0.05 m m o l ) for 24 hr. Tic
examination did not show any reaction, hence additional Zn (0.05 m mol)
was added. Again, tic analysis showed only starting material. Workup of
the reaction mixture after 24 hr gave only starting material.

1

(ii) Hydrogenation of 4
Compound 4 was hydrogenated at 1 atm in the presence of Rh(PPh3)3Cl
as a catalyst in ethyl acetate. After stirring overnight, tic analysis showed
no reaction. Further addition of the catalyst did not assist the reaction, as
evident from lH N M R analysis after work-up. A similar reaction was
carried out in the presence of Pd/ C as catalyst at 1 atm or 20 psi for 2hr.
This reaction also returned unreacted 14.
4.3. RESULTS AND DISCUSSION
4.3.1. Synthesis of the polyvinyl polymers 2
The proposed route to the novel polyvinyl polymers 2 (R= Ph, But) w a s
via the free radical (AIBN) polymerization of the related vinyl monomers
1 (R= Ph, But), as shown in Scheme 4.1
CH

2 ,° j,CH2-rc{n

0

J

\

PhCON

O

R1

ii''''^N „
R2

polymerization

PhCON3

Ql

A m N

benzene
80 °C

RI

R2

Scheme 4.1
The vinyl monomer precursors la and lb were obtained in moderate to
good yields via modifications of published procedures [228], using the
three-step sequences shown in Scheme 4.2. These modifications
considerably simplified the work-up procedures, without decreasing the
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yield or quality of the products. The * H N M R spectra of la and lb
agreed with the literature and were consistent with the structures shown.
,0
H U"V
NH2

• OH
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'^-^f
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V " ^
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5
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S0 2 Me
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Oxone
CH3CN
H20
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#

H'"\
PhCON

0

6
S02Me
O

H"0
PhCON
Rl"

dbu

O

0°C
CH2C12

R2

^L^°
PhCON

0

x
r
^R2
D

la, lb
Scheme 4.2
Polymerization of the two vinyl monomers la and lb was carried out in
benzene solvent at 80 ° C using A I B N as initiator. The polymer 2 a
separated out within 1 hr as a white microcrystalline solid in near
quantitative yield. However the attempted polymerization of the monomer
lb only resulted in the recovery of starting materials, presumably
because of different stereochemistry and the presence of bulky terf-butyl
group.
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The presence of the lactone and amide carbonyl groups in polymer 2a
was confirmed from the infrared spectrum of a Nujol mull v(CO amide)
ca. 1653 and v (CO carbonyl) ca. 1802 cm-l (Figure 4.1). The solid state
1 3 C N M R (Figure 4.2) of this compound was compared to the l3C N M R
of the compounds la and 15 [231] to asign the peaks which were found to
be very similar. The N M R spectra la has been asigned as follows: 168,
164 (CO), 136, 134, 131, 130, 129, 128.7, 126 (aromatic), 89.4 (C2)
(ppm). The 1 3 C N M R of compound 15 was similarly assigned: 175, 173
(CO), 90.4 (C2), 70.4 (C4) (ppm). The polymer 2a showed a broad
singlet at 170-175 p p m (CO), a broad aromatic signal at 120-128 ppm, a
broad singlet at 90-95 p p m (C2), and a broad singlet at 60-64 p p m
presumably due to Cl7. Also there are some impurites present.
The hard granular polymer 2a was stable and could be ground into a
powder form. Because of the insolubility of polymer 2a in a wide range
of solvents examined, further spectroscopic characterisation of this novel
polymer was not possible.

CHo
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PhCONf ^ 0 1
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4.3.2.

Attempted Hydrolysis of Polymer 2a

In order to further characterise polymer 2a, as well as to obtain the
further target compound 3, hydrolysis was carried out under a variety of
acidic or basic conditions; but unfortunately the polymer did not react.
4.3.3.

Preparation of Phenyl- and Thiophenyl-substituted
Vinyl Monomers 4, 12

As a model study for the preparation of the desired thiophenyl-substituted
vinyl monomer 4, attempts were first made to synthesise the phenyl
substituted analogue 12.
A series of experiments were tried, in order to maximise the yield of the
phenyl-substituted derivative 12. The best procedure was found to
involve the reaction of lb with iodobenzene using Pd(PPh3)4 as catalyst
in acetonitrile solvent, (see experiment section 2.6.5.3). However, product
12 could also be obtained by using (PPh3)2PdCl2 as a catalyst in D M F
solvent at 100 °C for 7 days, but the yield was low (3 % ) .
The thiophene derivative 4 was tedious to synthesise, as 3tributylstannylthiophene was not available commercially. This precursor
was synthesised following the literature method (see section 2.6.5.4. (i)),
then reacted in a similar manner as compound described for the phenyl
analogue. However, the yield could not be increased to more than 26 %.
4.3.4.

Attempted Hydrogenation of the Substituted Thiophene
Vinyl M o n o m e r 4

Thiophene

or 3-substituted

thiophenes can be

electrochemically to generate conducting polymers.

polymerized

173

In compound 4 , the thiophene is substituted by a vinyl group could in
principle be involved in a polymerization process. Therefore, in order to
polymerize the thiophene selectively it is necessary to reduce the vinyl
group. Several

publications are available in terms of asymmetric

hydrogenation and Rh(PPh3)3 Cl has been conveniently used. However,
no thiophene-like compounds have been reported, presumably because of
the poisonous effect of sulphur which prohibits the hydrogenation.

4.4. Conclusions
A n alternative approach to chiral polyelectrolytes has been explored,
namely the synthesis of vinyl monomers containing a 2-phenyl- or 2-tertbutyloxazolidin-5-one unit and their polymerization to the related
polyvinyl species. Polymerization of these novel monomers was readily
achieved via radical reaction ( A I B N ) in quantitative yield. However,
characterization was limited to solid state l 3 C N M R and ir and uv-visible
spectroscopy due to the insolubility of the polymers in a wide range of
solvents. This insolubility also rendered the polymers inert to hydrolysis,
even under severe conditions. Finally, the synthesis and characterization
of a related vinyl m o n o m e r in which the vinyl unit bears a thiophene
substituent was also achieved.
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